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ABSTRACT 
Scour of bridge piers and abutments has been identified as the main cause of bridge collapse 
around the world. Undermining of bridge foundations occurs by river sediment removal which 
may lead to loss of their load bearing capacity. Long-term climate change arising from global 
warming has the potential to further exacerbate bridge scour due to increased river flooding 
resulting from increased precipitation. It is important for bridge owners and managers to 
understand how the risk of their bridge is likely to change due to the potential effects of climate 
change as this will assist towards their long-term management so that the consequences arising 
from bridge failures/damage can be minimised as far as possible.  
In the UK, climate change is expected to increase the magnitude and/or frequency of 
precipitation, leading to increased and/or more frequent river flooding. Several recent studies 
on high river flows in various British rivers predict future peak discharges that capture climate 
change effects. These predictions supersede the older 20% and 25% allowances that have been 
used in the UK in the past for climate change analyses. In this research, selected climate change 
allowances for the UK (Environment Agency, 2016) were applied to two common bridge 
assessment methodologies. 
As part of this study, the UK highway and railway scour assessment codes were reviewed to 
assess their capability in capturing climate change effects on bridge scour and identify potential 
limitations. The main limitation of the railway code was identified as being its inability to 
account for changes in river discharge. The Highway Agency (2012) (BD97/12), which has 
been developed more recently, was suitable for adaptation to capture climate change effects on 
bridge scour and, as a result, has been the focus of this study.  
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A large number of analyses were carried out as part of this study to quantify the effects of 
climate change on bridge scour. The generated scour data consisted of 27,000 scour depths for 
bridges on wide river channels, 18,000 on intermediate and 9,000 on narrow channels, each 
accounting for different median sediment sizes, foundation depth, pier width and angle of 
attack. The aim was to simulate a large number of scenarios of bridge-river configurations to 
identify which situations are more susceptible to climate change effects. It was found that, in 
some situations, climate change has the potential of shifting the scour risk ranking of bridges 
to a higher risk level, potentially leading to changes in their long-term risk management. The 
angle of attack effect on scour risk was found to be the factor that has the most significant 
effect on scour risk irrespective of bridge location/river channel type. Other key findings of 
this research are that Highway Agency (2012) the BD97/12, the scour assessment method for 
highway bridges over predicted scour depth. Sediment sizes and foundation depths have 
significant effect on bridge scour alongside the opening ratio of a bridge 
The availability of a large database with scour field measurements in the USA offered the 
opportunity to assess the accuracy of the scour model predictions in the Highway Agency 
(2012) BD97/12.   The majority of bridge scour equations have been derived from idealised 
laboratory studies which may not necessarily be representative of realistic river conditions. 
Statistical analyses were used to quantify the deviations between code predictions and real 
measurements. The former were found to lead to conservative predictions. Probabilistic 
distributions were fitted to the data and suggested as modelling uncertainty factors to be used 
with the existing scour models in the codes to update their predictions to more realistic levels.  
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CHAPTER 1  
 
INTRODUCTION 
1.1 Background of the Study 
Scientists and engineers have identified climate change due to natural and anthropogenic 
factors as a significant global challenge in the next decades. Human activities above natural 
phenomena have been the cause of changes in the global climate system (Backdoll, 2012) 
through increased greenhouse gas (GHG) emissions. These GHGs, since the industrial 
revolution, which are due to burning of fossill fuel, cement production, transportation systems, 
electricity generation by burning coal (Backdoll, 2012), agricultural activities (Metoffice, 
2011) and infrastructural development, constitute a blanket in the atmosphere trapping heat and 
reflecting radiated solar energy to the earth’s surface (Kinsella and McGuire, 2005;  Houghton, 
2005) leading to changes in climate.  
The potential of GHGs in affecting extreme weather conditions is due to its high radiative 
forcing on the climate and long residence times of these gases lasting decades to century in a 
well-mixed state in the atmosphere which would cause an increase in global temperature hence 
the warming (IPCC, 2007). The global warming has resulted in a 0.6𝑂𝐶 increase in the earth’s 
mean surface temperature since the pre-industrial era (Kinsella and McGuire, 2005; Hulme et 
al, 2002). Climate scientists predict further increases in the mean temperature of 
1.4 𝑡𝑜 5.8𝑂𝐶 over the next century; an increase Kinsella and McGuire (2005) consider 
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significant. It is the warming resulting from increases in temperature that will result in different 
albeit extreme weather events and changes globally which invariably humans and the 
ecosystem are expected to adapt to, and therefore a cause for concern. IPCC, (2007 and 2014) 
pointed that the increased global average air temperature near the surface of the earth by 0.74 
± 0.18ºC from 1906 and 2005  provide proof of the change in the global climate. 
Climate change is expected to create changes in the hydrologic cycle through interactions 
between the earth and the atmosphere as shown in figures 1.1 and 1.2 thus modifying 
precipitation through evaporation (IPCC, 2001). In a warming world, temperature increases the 
water holding capacity of the atmoshere and in turn increases rate of evaporation into the 
atmosphere from the earth surface (USGCRP, 2009).  
 
Figure 1. 1 Climate system interaction (Source: IPCC, 2014)  
Climate scientists have cautioned that climate warming temperatures could trigger extreme 
weather events or conditions such as precipitation, melting of the sea ice and rapid rise in sea 
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levels beyond model projections (Transportation Research Board, 2008). As figure 1.2 shows, 
changes in circulation as a result of climate change will impact on water cycle as it will 
stimulate increased evaporation which returns to earth as rain/precipitation after condensation 
as a result of heat trapped in the atmosphere (USGCRP, 2009). It is the trapped heat that favours 
the atmoshere’s water vapor holding capacity which in turn condenses and falls as rain. The 
rainfall increases in intensity and frequency further leading to increased flooding. This explains 
why USGCRP (2009) pointed out that warming temperatures trigger more precipitation as rain 
than snow while rising temperature accelerate snow melt therefore causing changes in river 
flows. 
 
Figure 1.2 Climate change impact on water cycle (Source: USGCRP, 2009) 
The Inter-Governmental Panel on Climate Change (IPCC) established by the World 
Meteorological Organisation (WMO) and the United Nations Environment Programme 
(UNEP) has been at the forefront in assessing the physical basis of climate change and its 
impact on society since 1997 through published documents. IPCC  AR4 (Fourth Assessment 
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Report) brought climate  science into limelight thus leading to the United Nations Framework 
Convention on Climate Change (UNFCCC’s) vision for shared comparative action for long–
term global goal for anthropogenic gas emission reductions (UNFCCC, 2012). However, the 
emissions in the atmosphere will continue to have an impact on the environment even if its 
reduction is achieved now.  
Increased precipitation due to climate change and variability predicted in climate models can 
have a range of effects such as increased discharges in rivers and risk of flooding (Trenberth, 
2011. Watt et al. (2015), who reviewed the impact of human-induced climate change on water 
for the UK, pointed that changes in rainfall will cause high river flows in winter periods but 
the contrary during summers. This implies that the hydrological cycle would exacerbate 
increased risk of flooding. It is through this alteration of river flows due to changes in 
precipitation that makes climate change  have impact on the society (Hannaford, 2015) and 
also its response to flood (Watts et al, 2015). River flow response to flood in the UK has been 
analysed by Reynard et al. (2010), Bell et al. (2012) and Prudhomme et al. (2012). Bell et al 
(2012) study on the effect of climate change on river flows revealed that change in flood peak 
is a mean of 36% with -11% to 68% for the lower and upper percentile for the Thames 
catchment for the 2080s based on medium emission scenario (A1B). They modelled riverflow 
using Regional Climate Model (RCM). Bell et al (2012) river peak estimates tends to be in line 
with the median of 25%  with a range of -5% to 70%  by 2080s provided as precautionary 
guidance for the Thames catchment (Environment Agency, 2011). The 25% median increase 
was an update of the initial 20% precautionary allowance meant to be applied uniformly for all 
catchments in the UK which is stated as the likely underestimated future river flow changes as 
assessed with UKCP09 (Environment Agency, 2011). Cloke et al (2013) study of the likelihood 
of flood increase in upper Severn show average estimated change in modelled flood peaks of 
50% with ranges of (25% to 75%), 40% ranging (10% to 60%) and 25% ranging (10% to 40%) 
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for the lower and upper percentiles in different models for the 2050s. The 36% (11% - 68%) 
flood peak increase by Bell et al (2012) was used in preliminary analysis. Given that changes 
in the average flood peaks of rivers will potentially increase due to climate change, the results 
of Bell et al (2012) and Cloke et al (2013) are river-specific and therefore may not provide a 
wider representative effect of climate change on the entire river basins in the UK. However, a 
provision of climate change factors for river flood flows, sea level rise and extreme rainfall for 
different river basin regions entitled “Advice to Climate Change : Advice for Flood and Coastal 
Erosion Risk Management Authorities by Environment Agency (2016) is available. This 
update for the UK is an update of the previous advice notes following insights from the research 
studies of Cloke et al (2013) and Bell et al (2012). The changes in flood flows are represented 
in percentage changes for the different region basins based on the medium emmision scenario 
(A1B) for the 2020s, 2050s and 2080s, from which the 30%, 50% and 105% allowances  
respectively were selected.  The 30% for the 2020s was based on the mode of the upper end 
estimates, 50% and 105% for the 2050s and 2080s were based on +/- 20% (for 2050s) and +/- 
35% (for 2080s) difference in the change factors of the eleven (11) catchment basins. Besides, 
the selected change factors will sufficiently represent river flows in about half of the river 
catchments in UK and can also acount for rare events in the remaining catchments in extreme 
cases. The significance of the Environment Agency climate guidance id enphasised in 
(Reynard, Kay, Anderson, Donovan, & Duckworth, 2017). 
Increased river flows resulting from flooding can have an impact on bridge foundations through 
scouring. Degefu and Bewket (2014) pointed out that floods due to high precipitation events 
may lead to bridge collapse and disrupt other facilities such as water reservoirs, hydropower 
plants and sewage systems. Backdoll (2012) asserts that “increased flow exacerbate vortex 
scouring forces on bridge supports thus leading to increased scour”. These and other climate 
change consequences impinge on the funtionality of built infrastructure for which engineers 
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are challenged. The  overarching concern of this research therefore is to study the effect of 
climate change on bridge scour spanning over rivers. A large number of bridges over rivers in 
the UK have failed due to scour caused by river flooding, as revealed in the literature (Benn, 
2013; Imam and Chrysanthopoulos, 2010; Stewart et al, 2010), thus showing importance of the 
problem.  
Scour is the erosive action of flood on river beds leading to riverbed sediment motion/transport. 
Under normal flowing water, river sediment is slowly transported but will be higher under 
flood conditions as a result of high rate of river flow/discharge which will act to lower riverbeds 
and eventually expose bridge foundations. The link between flood induced climate change and 
scour is the frequency and magnitude of rainfall events leading to run-off into rivers resulting 
in high flows or increased discharge (Ibisate et al, 2007). During river flooding, sediment 
transport increases (Environment Agency, 2008); the flood possesses high erosive power which 
sets sediments around bridge elements and channels in motion (Kirby et al, 2015) and thus 
cause bridge scour. Therefore scouring of bridge foundations may be expected to intensify due 
to river flooding as a result of climate change. Exposure of bridge foundations under flood may 
be by local scour at the piers or abutments, contraction scour, bend scour and degradation. 
Local scour, which is mostly the cause of bridge failures occurs when bridge pier obstruct water 
flow. The obstruction results in three dimensional flows of which the down flow cause scour 
hole around the bridge pier or foundation as a result of horse shoe vortices set up as illustrated 
in figure 2.1 and discussed more detail in chapter two.  
The failure of bridges and disruption of transportation systems in Cumbria in 2009 highlighted 
that the UK is susceptible to flood extremes. This may intensify with the potential effect of 
climate change which will result in frequent and heavy rainfalls which in turn increase river 
discharges due to high peak river flows. Further to this, collapse of Ashenbottom and Malahide 
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viaducts railway bridges among others since the past centuries reviewed by Benn (2013) have 
lead to consequences in terms of fatalities and economic costs running to hundreds of million 
of British pound sterlings. In addition, floods less than design/assessment return periods have 
been recorded to cause bridge collapse in various parts of the world including the UK and also 
that return periods may reduce due to increasing flood frequencies and magnitudes due to 
frequency in rainfall that may be impacted by climate change. The bridges mentioned above 
failed as a result of souring of its foundations. Beside bridges failing due to flood, most of the 
existing bridges built in the turn of the previous century (circa 1900s) in the UK have unknown 
foundations, therefore it is important to ascertain their risk ratings with reference to future 
climate change projections in order to provide bridge owners/managers informed actions and 
decisions about bridges within their control and management. 
Studies on the effects of climate change on the risk of bridge scour have been caried out in the 
past considering a stock of bridges. Khelifa et al. (2013) used the risk assessment model 
(HYRISK) to assess the probability of bridge scour failures towards quantifying risks and 
economic losses due to climate change in the US. Wright et al. (2012) assessed the effect of 
river flooding on bridge scour vulnerability to peak flows due to climate change in the United 
States. The HYRISK model is used to assess the costs of the potential effect of climate change 
considering the entire bridge stock of the country and can assign high scour susceptibility to 
bridges that have no record or history of scour. This restriction of considering an entire bridge 
stock only is addressed in this research as individual bridges are assessed using the BD97/12 
Highway sour assessment methodology. The purpose of the current research study, is that 
simulation of river flow due to climate change will not be embarked upon but will utilize 
researched potential increase ranges in river discharge assessed by hydrology experts through 
hydrologic catchment analysis capturing the effects of precipitation on river flows through 
rainfall-runoff models in assessing scour risk on a bridge. The current study will focus on 
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quantifying the effects of the potential increases in river flows, brought about by climate 
change, on the scour risk rating of bridges. The UK railway and highway bridge scour 
assessment methodologies will be used for this purpose. This research will assess the risk rating 
of a bridge susceptibility to foundation scour due to increasing river discharge as a result of 
intense/frequent precipitation which is caused by climate change. The research will assess the 
suitability of the UK railway and highway scour assessment codes to capture climate change 
effects on scour risk of bridges spanning over rivers. Some railway and highway bridges over 
rivers built in the past/previous century have unknown foundation geometries. Therefore, for 
these types of bridges and those of known foundation geometries, it is necessary to assess and 
identify those that would be sensitive to bridge scour due to climate change-induced river 
floods. It is identified during this research that flow depth formula contained in the railway 
scour assessment standard is a limitation. The flow depth recommended in the code specifies a 
deterministic model of 𝑌𝑢 =  0.185𝑊𝑢0.7, which is related to the width of river. This flow 
depth would not be responsive to changes in discharges in river channels with bridges 
crossings. This is because, for a uniform flow through a bridge, the important parameters are 
flow velocity, flow depth, channel width and the rate/volume of flow in the channel.  The 
relationship between these parameters is in terms of the product of the area of flow and velocity 
which equates to discharge (i.e. Q = AV). This equation responds to changes in discharge of a 
river. However, for the railway scour assessment standard, flow depth is only empirically 
related to channel width such that it will not be sensitive to changes in peak discharge. 
The analysis of the Highway scour assessment standard has been carried out in this research 
and the difference noted between the codes is that BD97/12 (Highway document) is designed 
to account for flow velocity. It is important to state that both the Highway and the Railway 
codes utilize different codes of practice. The Railway document (EX2502) for the assessment 
of scour is old; published in 1993. The Highway Agency (BD 97/12) has been revised in 2012 
Bridge Scour - Climate Change Effects and Modelling Uncertainties. 
 
  
FRIDAY THOMAS EKUJE  2018 9 
 
after its first publication in 2004. The advantage of BD 97/12 in comparison to EX2502 is that 
it captures the effect of discharge and that flow depth is obtained based on principle of uniform 
flow through an open channel, that is, discharge ‘Q’ = Area * Velocity of flow. Based on the 
fact that the highway has been updated while the railway code remains unchanged since 1993, 
its choice over is further based on the fact that it is a sophisticated model which has capability 
of determining contraction scour depth at a bridge from mean competent velocity which is vital 
both for design of bridges and assessment of scour during the service life of the bridges. It is 
responsive to changes with regards to bed material sediment as it considers median sediment 
sizes. This can allow for a quick assessment of scour depth of a constricted bridge by estimating 
the mean flow velocity and flow depth, and the median diameter of the channel bed (Hamill, 
1999). The above factors make the BD97/12 models more likely to have good predictive 
capability which justifies its choice for this research towards the prediction of the effect of 
climate change on bridge scour. Furthermore, the BD97/12 methodology incorporates a priority 
rating framework with clearly defined scour risk ratings which bridge owners can use to 
prioritise maintenance of their bridges. 
1.2 Aim and Objectives 
The aim of this research is to investigate and quantify the potential effects of climate change, 
brought about through increased flood flows which impinge on the scour risk ranking of bridge 
structures crossing over water. This is carried out with the intent of providing asset owners on 
long – term informed outcome towards planned management of their bridge stock. The 
following objectives are set to accomplish this aim: 
 Review existing standards for assessing scour in the UK for both railway and highway 
bridges and assess their suitability to capture climate change effects on bridge scour 
risk with a view to identifying limitations. Quantify the change in scour risk on 
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highway/railway bridges by using the existing assessment codes and determine the 
most important factor(s)/parameter(s) affecting scour risk of bridges as a result of the 
effect of climate change 
 If necessary, propose alternative methods to overcome identified limitations of current 
scour assessment codes on being capable of capturing climate change effects on scour 
risk; such alternative methods can be identified from other similar codes of practice 
used internationally and state of the art work available on scour extracted from the 
literature. 
 Quantify the differences between scour prediction models used in UK scour assessment 
codes and field measurements extracted from the international literature to assess their 
predictive accuracy. Propose modelling uncertainty factors that can be used for more 
reliable scour risk predictions. 
The first objective aims towards identifying whether the existing standards can capture climate 
change effects on scour risk based on the frameworks and scour models they are utilising. The 
aim of the second point is to determine which of the variables in the scour risk quantification 
problem are the most important so that they can be further investigated in detail to quantify 
their uncertainties leading to identification of the limitations of the code. The second objective 
will utilise approach that will demonstrate how climate change effects can be captured, for 
individual bridges, based on current assessment codes and proposed modifications if the code 
provides challenges towards that purpose, as stated in the third objective above. The fourth 
objectives aims to improve the scour risk ratings of existing bridges based on the utilisation of 
field scour data that is available in the literature.  
The current study is based on the creating of a large number of scenarios in terms of bridge 
configurations to understand any potential variabilities between different conditions towards 
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assessment of climate change effects on bridge scour. This is done by considering range of 
discharges in step increaments in Matlab for wide, intermidiate and narrow river channels with 
bridges crossing; alongside other bridge scour parameters to ascertan scour risk ratings of the 
bridges from the analysed scour depths. This will assist towards detemining the river and scour 
depth conditions that would be of higher sensitivity to climate change. The studies that have 
been carried out in the past actually looked at the problem of climate change on bridge scour 
from a bridge stock point of view, assuming a simple proportional relationship between river 
discharge and scour depth, and therefore arriving at the percentage of the bridges that will go 
into high from low or medium risk. This study is intended to demonstrate the way forward in 
quantifying the effect of climate change on bridge scour for individual bridge assets, which 
asset managers can take into account in the management of a single bridge. Considering 
individual bridges and based on the results in this study obtained for a large number of 
scenarios, this can also assist towards establishing a reflection about the risk status of bridge 
stocks and how they may potentially change due to the effects of climate change. Past 
experience has shown that some assessment codes might not capture the effect of climate 
change because some of the scour equations are not directly related to river flow. Modifications 
to the existing codes, through the introduction of more recent developments, are proposed in 
order to enable bridge managers to capture climate change effects on bridge scour in a more 
direct and practical way.  
1.3 Originality and novelty of the research 
The key novelty and originality aspects of this research can be summarised as following:  
 Comparison of the UK scour prediction models (Highway Agency (2012) BD97/12) 
with real field measurements. This has been carried out for the first time for UK scour 
models and has provided insight into the predictive capabilities of these models.  
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 Development of model uncertainty factors for updating scour prediction of the Highway 
scour assessment code (BD97/12).  
 Quantification of changes in risk due to climate change effects for different bridge/river 
configurations. This has provided insight to bridge/river configurations that may be 
more susceptible to climate change effects and the results presented in this thesis can 
be used by bridge owners and managers to quickly assess climate change effects on 
individual bridges.  
 Suggestion for updating the scour risk rating chart for the Highway Agency scour code 
(BD97/12) for climate change effects has been made.  
 Recommendations for modifications on the Railway scour assessment code (EX2502) 
to make it capable of capturing climate change effects have been provided.  
1.4 Overview of the Research 
This thesis consists of six chapters, which can be outlined as follows: 
Chapter One presents a background to the research and the problem being investigated and its 
importance and significance. The aim and objectives of the research are presented in detail.  
Chapter Two presents a review of relevant literature on climate change and bridge scour. 
Critical review of the Network rail document used in the assessment of railway bridge scour 
(EX2502) and Highway scour assessment standard (BD97/12) are presented. 
Chapter Three consists of outline of the methodology followed for this research. The chapter 
describes the scour assessment framework used in the UK codes of practice, followed by a 
description of the procedure followed for carrying out the numerical analyses by using the 
scour assessment codes to capture the effects of climate change. This is followed by a 
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description of the statistical analysis carried out on the comparisons of code predictions with 
field data and the probability distribution modelling of modelling uncertainty factors that can 
be implemented within the scour assessment codes. 
Chapter Four presents the results of the climate change analysis carried out based on BD97/12 
to assess its influence on scour risk. This includes discussion of the results with regards to 
sediment size, angle of attack, channel width, pier width and river discharge.  
 Chapter Five presents the results from the statistical analysis and probabilistic distribution  
fitting for the modelling uncertainty factor that is proposed for use in scour risk assessments.  
Chapter Six presents the main conclusions from the study, recommendations and proposed 
future work following this research. 
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CHAPTER 2  
 
LITERATURE REVIEW AND 
BACKGROUND MATERIAL 
2.1 Preamble 
This chapter consists of a summary of background material on the physical process of scour 
followed by relevant literature on the link between climate change effects and scour of bridges. 
Bridge scour processes with its link to climate change and impact with respect to increase in 
precipitation which causes river flooding leading to scour are presented and discussed in detail. 
2.2 Background on bridge scour  
2.2.1 Bridge scour 
A major cause of bridge scour failures is flood caused by increased rainfall with consequences 
of increased river flows. Wardana and Hadipriono (2003), Shirhole and Holt (1991) and Briaud 
and Hunt (2006) linked bridge failure due to scour to flood due to increased magnitude and 
frequency in rainfall. Kirshen et al. (2002) and Khelifa et al. (2013) assessments have shown 
that bridges are vulnerable to scouring due to climate change. Kirshen et al. (2002) shows that 
increase in river discharge on peak discharge influences the magnitude of bridge scour. Bridge 
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failures due to scour have taken place in the UK in the past and there is likelihood of it 
happening again due to changes in the future climate.   
Scour erodes river bed sediment around bridge foundations by flowing water, which exposes 
and reduces the capacity of the foundations thus undermining the safety of bridges. Factors that 
influence bridge scour are bridge geometry, geomorphic or hydrologic factors, flood flow, and 
stream bed sediment factor (Melville and Coleman, 2000).  The types of scour encountered at 
bridge sites include local scour, contraction scour, bend scour and general scour, as will be 
presented in detail in the next section. General scour, contraction scour and local scour 
constitutes bridge scour (Prendergast and Gavin, 2014; Alipur and Klinga, 2015); their sum is 
typically defined as the total scour at a location of a bridge structure.  
2.2.2 River morphology 
River morphology describes river channel processes and depends on sediment transport and 
deposition, bed and bank erodibility as well as river catchment vegetation. Sediment supply 
and water discharge at high flows determine river channel and fluvial dynamics (Ibisate et al, 
2011) which the river drains from its catchment area (Charlton, 2007). Charlton (2007) pointed 
out that river channels vary in size with respect to discharge; both of which increase at the 
downstream relative to the upstream catchment area. The discharge further determines the 
slope and cross section of the river channel. According to Charlton (2007) the continuous 
shaping of river channel through bed and bank erosion and sediment deposition occur by 
scouring which increases river depth; and sediment deposition which reduces depth (leading to 
aggradation) while channel widening is due to erosion of river bank. Increase in river depth as 
a result of scour is of concern to the civil engineer especially with the presence of a bridge over 
the water course. 
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Climate is identified as an important factor in river morphology and hydrology (Ibisate et al., 
2007). They enumerated the climatic conditions involved in determining water flow and 
erosion capacity as precipitation, rainfall regime, drought, and the frequency and magnitude of 
rainstorms; these in turn influence sediment transport and supply in the channel. Furthermore, 
they added that climate determines the vegetation, soil and land use that in turn influences 
runoff and sediment yield for a river channel.  
During floods sediment transport increases in response to increased flow conditions 
(Environment Agency, 2008). Flood which enhances the erosive power of flow, possesses the 
energy to supply sediment into the channel and then transport it downstream (Kirby et al., 
2015). The channel form and shape depends on the resistance of the bed and bank to the 
energized flow. The change in the channel and transported sediment determines the extent of 
scour in a river (Kirby et al., 2015). Steele-Dunne et al (2008), who used three climate models 
to determine impact of climate change on hydrology of Irish catchment, indicated 20% increase 
in winter river flows but a decrease in summer. Steele-Dunne et al (2018) study was carried 
out to ascertain the impact of climate change on nine river catchments in Ireland. They used 
Generalised Circulation Model to simulate river flow based on medium emission scenario 
(A1B). Their results revealed increased winter precipitation but the contrary in summer 
amplified by seasonal cycle. Therefore the expected changes in mean winter and summer flows 
as well as annual maximum daily mean flow varied depending on catchment characteristics 
and the timing and magnitude of expected changes in precipitation in each catchment. 
Invariably water flow in some rivers in Ireland may have the potential for high material 
movement in river channels in winter than in summer.  
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2.2.3 Climate change and the physical processes of scour: The link 
As mentioned earlier, the major cause of bridge failures worldwide is attributed to scour. It is 
the removal of soil around bridge foundations. “Scour is defined as the excavation and removal 
of material from the bed and banks of streams due to the erosive action of flowing water”   
(Hamill, 1999).  Annandale (2006) termed scour as excessive erosion that removes soil from 
its location, especially around bridge piers and abutments. The removal of material occurs 
when the erosive capacity of the flowing water exceeds its ability to resist motion, thus the 
commencement of the scour process (Annandale, 2006). Hicken (n.d) points that sediment will 
begin to move when the force of the flowing water equals its submerged unit weight. Annandale 
(2006) adds that the scour continues up to a maximum at which the erosive capacity of the 
flowing water is lower than the ability of the bed material to resist it. Therefore scour depth 
increases as the erosive capacity of flowing water increases and in turn as sediment at the 
riverbed is lifted and dragged into motion by the flow velocity. This, consequently, lowers river 
bed in the main channel (i.e general or contraction scour) and around bridge piers and 
abutments (i.e. local scour). 
Natural processes such as intense precipitation, hurricane and flood are identified as the main 
cause of scour (Annandale, 2006) while Hamill (1999) asserts that flood resulting in scour is 
one of the main causes of bridge failures. During flood, river discharge increases and therefore 
increasing flow velocity which enables it to possess increasing shear stress to mobilize 
sediment from river beds, and around piers and abutments (Briaud et al, 1999). In a warming 
world, more intense and frequent precipitation is projected to occur in some parts of the world, 
including the UK (IPCC, 2014; IPCC, 2007). According to Houghton (2005), the flooding may 
be due to excessive evaporation which would cause heavy and frequent downpours. Wilby and 
Keenan (2012) assert “anthropogenic climate change would increase flood risk through more 
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frequent heavy precipitation, increased catchment wetness and sea level rise”. Watts et al. 
(2015) stress that anthropogenic “climate change would expectedly modify rainfall, 
temperature and catchment hydrological processes around the world resulting in challenging 
water-related adaptations”. From the foregoing, the nexus between climate change and bridge 
scour is the increase in river flood discharge resulting from frequently increased precipitation. 
This is the basis for the concern that climate change, which may produce larger and more 
frequent peak river discharges, could lead to increased risk of scour (Kirkby et al., 2015) 
leading to damage to bridges during floods (Melville and Colman, 2000).  
 
2.3 Types of scour 
The different types of scour typically encountered at bridges crossing water courses are 
discussed in this section. 
2.3.1  Contraction scour 
Contraction scour occurs due to decrease in the width of the river channel in combination with 
increase in the velocity of water flow and it is captured explicitly in Highway Agency (2012) 
BD97/12. The high erosive force of the water flow around the bridge causes increased transport 
of bed sediment from the river than is being transported into it. This scenario lowers riverbed 
elevation. With contraction scour, bed material can be removed from all or most of the bed 
width as a result of increased flow velocities and shear stresses on the channel bed. Contraction 
scour can be either clear-water or live-bed scour. Clear-water scour occurs when flow does not 
erode riverbed material (Johnson et al., 2015) and it is associated with low flows prior to 
movement of the bed material (Kirkby et al., 2015). As flow increases, clear-water contraction 
scour increases to a significant depth before the riverbed sediment at rest upstream of the bridge 
pier is set in motion (Kirkby et al., 2015). Scour depth can be maximum when the flow no 
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longer transports sediment from the scoured area (Melville and Coleman, 2000). “Live-bed 
scour occurs when the rate of sediment into the bridge opening equates to the supply of 
sediment from upstream” (Johnson et al., 2015; Melville and Coleman, 2000). Under flood 
condition the rate of erosion is high thus resulting in maximum scour around bridge foundation 
with a further reduction when clear-water transits into live-bed scour. Conditions that cause 
contraction scour are “(1) natural stream constriction, (2) constriction due to long highway 
approaches to the bridge over the flood plain, (3) ice formations, (4) natural berms along the 
banks due to sediment deposits, (5) debris, (6) vegetation growth in the channel or flood plain 
and (7) pressure flow (i.e. the condition in which the lower chord of the bridge is submerged)” 
(Office Manual, 2004).  
2.3.2  Bend Scour 
Bend scour is associated with flow around river bends resulting from meandering. The process 
of bend scour depends on bend curvature, bed material gradation, bank erodibility and strata 
(May et al., 2002). At bends, the river channel may increase in depth towards the concave bank 
or convex bank depending on the flow. Scour at bridges located at bends, according to Melville 
and Coleman (2000), occur due to shifting of the river flow as well as the deepest part of the 
bend at the concave end thereby scouring the abutment. Apart from bend scour, floating woody 
debris which deflects flow creates problems for bridges located at bends.  This type of scour 
has been studied by researchers in relation to sediment transport under steady and unsteady 
flow conditions, sediment size gradation effect on bed evolution at channel bends, and flow 
and bed configuration at river bends under steady flow conditions amongst others.        
2.3.3  Confluence Scour 
Confluence scour is a natural scour phenomenon which results from two river channels meeting 
at a point or the meeting of channels of a river in a braided river reach. Confluences create 
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increase in scour at piers of bridges and abutments as a result of increased sediment transport 
capacity by flow concentration at the meeting point (Melville and Coleman, 2000). Because 
confluence channels meet at an angle of attack at a bridge crossing coupled with sediment 
transport, it aggravates scour hole around the piers or abutment of such structures. The principal 
factors considered in the study of confluence scour depth includes angle of attack, size of the 
channels, properties of the bed materials, flow velocity of the confluence channels, and depth 
of the channel. Qualitative, laboratory and field study on this type of scour have been 
undertaken considering a combination of these factors (Coleman and Melville, 2001; Ashmore 
and Parker, 1983). Research studies on scour at bridges located at confluences are relatively 
limited in the literature. Ashmore and Parker’s study of scour at river confluence was for the 
purpose of pipeline crossing water channels which they found that scour depth can be six times 
greater than ambient depth at the confluence. With reference to bridges, this can be a 
considerably significant depth for those that may be located at river confluences which 
Coleman and Melville (2001) noted it had relative effect on some bridges in New Zealand. 
This could also occur in braided channels. This can be accounted for in the Highway England 
code (2012) by applying bend scour factor. 
2.3.4  Local scour 
Obstruction by hydraulic structures such as piers and abutments alter water flow pattern. The 
abrupt change of flow increases erosive action around these structures. Local scour at bridge 
piers is the most predominant type of scour (Benn, 2013). It occurs when flow near bridge piers 
remove river bed sediment and it is time dependent. 
At the boundary, flow past a bridge element undergoes a three-dimensional separation 
(Kothyari, 2007; Richardson and Davis, 2001). Debnath and Chaudhuri (2010) state that 
combination of bed shear stress, vortices, down flows, high velocities concentrations and 
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turbulence around piers cause sediment removal and the development of scour hole which 
undermine bridge foundation thus resulting in bridge failures around the world. Studies on 
scour around piers and abutments are available in view of its damaging consequences on 
bridges. Figure 2.1 illustrates the flow around a bridge pier and abutment. The scour hole 
results when the rate of sediment transport from the pier base is greater than the rate transported 
into the scoured region (Deng and Cai, 2010). The wake vortex which develops at the side of 
the bridge pier sucks and transports the sediment behind the pier. The rate of removal of this 
stream bed material is often rapid and strong during flood (Deng and Cai, 2010), thus may 
cause bridge failure as might be frequently encountered due to climate change.  
 
Figure 2.1 Flow around a circular pier (source: Keshavarzi, Zahedani, Ball, & 
Khabbaz, 2017). 
The rate of local scour at piers or abutments is dependent on factors such as intensity of flow, 
sediment size of bed material, flow depth, alignment (i.e. angle of attack), time as well as shape, 
width and length of pier or abutment.         
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Local scour occurs under clear-water and live-bed conditions for which studies have been 
undertaken (Sheppard and Coleman, 2013; Guo, 2012; Lanca et al, 2010; Laursen, 1963). The 
removal of sediment from the scour hole without supply by flow upstream of the pier is termed 
clear-water scour while the supply of bed material into the scour hole as it is removed is called 
live-bed scour (Melville and Coleman, 2000). The magnitude of scour depth due to live-bed is 
less in comparison to clear-water scour  particularly when the approach flow velocity equals to 
the sediment threshold flow velocity (Dey, 2014), that is at the point of equilibrium scour depth. 
However, under severe flood conditions, the approach flow velocity far exceeds the threshold 
flow velocity of the sediment. This may result in excessive removal of bed material below the 
abutment or pier foundation base thus affecting the structural stability of the bridge which in 
extreme cases may lead to bridge failure or collapse. Figure 2.2, shown below, illustrates a 
typical pier scour while Figure 2.3 shows the Niger Bridge across River Niger, Nigeria with 
pier scour causing damage due to exposure of the foundation leading to closure. Figure 2.4 
shows a bridge in Kano State of Nigeria with exposed pile foundations caused by scour.   
 
Figure 2.2 Showing local scour at pier (source: Ettouney and Allampalli, 2011). 
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Figure 2.3 Exposed foundation of Niger Bridge, Onitsha, Nigeria 
 
 
Figure 2.4 Tamburawa Bridge, Kano State Nigeria showing scoured foundation 
The flow and scour around abutments is similar to that of piers and depends on the length of 
abutment and its obstruction to flow. Figure 2.5 shows scour around a short abutment. The 
principal features of flow at abutments consist of principal vortex similar to horseshoe vortex, 
wake vortex, surface roller and down flow (Melville and Coleman, 2000). The factors or 
This pier of the bridge damaged 
due to scour 
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parameters that influence local scour depths are flow intensity, angle of flow or foundation 
alignment, depth shallowness, sediment size or coarseness and foundation shape (Melville and 
Coleman, 2000). The flow intensity, angle of flow and flow depth or depth shallowness may 
be influenced by river flood due to increased precipitation while the rest are resistant factors; 
all of which are important in the development of local scour depths at piers or abutments.    
 
Figure 2.5  Showing scour at abutment (source: Ettouney and Allampalli, 2011). 
2.3.5  General scour 
General scour is the lowering of the river bed either in the presence or absence of a bridge. 
General scour occur in the form of degradation and aggradation in a river catchment (Melville 
and Coleman, 2000; Alipur and Klinga, 2015) as a result of changes in the rate of flow due to 
flood which may be more frequent with climate change and also the quantity of sediment 
supply from within the catchment. Melville and Coleman (2000) state that general scour can 
be short – term or long – term. They added that the development of short-term general scour is 
caused by a one-off flood and intermittently closely spaced floods while long – term scour, 
which develops over longer time frame, is due to degradation and bank erosion. Degradation 
is the gradual removal of sediment of the river bed as a result of human activities, adjustment 
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of the river prolonged high flows (Melville and Coleman, 2000). Prolonged flows and river 
adjustments are often encountered during high magnitude and frequent floods which are likely 
to be more in the next century as a result of climate change. Aggradation is the gradual build 
up or accumulation of sediment on a river bed. Degradation is important in the assessment of 
scour as it contributes to total scour while aggradation is of little significance in scour 
calculations, however it causes concern where rising flood leads to pressure scour which may 
result in washing away of bridge decks. General scour is referred and called natural scour in 
some documents while in some literature, general scour encompasses contraction scour. 
2.3.6  A survey of flood effects on bridges 
From the forgoing, climate change is expected to increase flood risk due to increased 
precipitation (Wilby and Keenan, 2012; Houghton, 2005). This may in turn increase the scour 
risk of bridge infrastructure (Dikanski et al, 2018). A statistical review carried out by Imam 
and Chrysanthopoulos (2010) revealed that floods are the predominant category within the list 
of natural hazards causing bridge collapse. Bridge collapses, including both road/highway and 
railway bridges, have been experienced in the UK signifying that the region is susceptible to 
this damaging natural event. Highway bridges that have failed due to flood and scour in the 
UK are not articulated in a database as it is for railway bridges (Van Leeuwen and Lamb, 2014). 
However a few of the road and highway failure incidences in the UK and other parts of the 
world are presented. 
The floods in Cumbria during November 2009 resulting from heavy rainfall caused death of a 
police man and flood – induced bridge collapses as well as property inundations and disruption 
of the transportation system in the area (Stewart et al., 2009). The failure of the bridge 
foundations’ bearing capacity being reduced by scour beyond resisting the flood load caused 
the collapse and inundations in which several number of bridges completely or partially failed. 
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Figure 2.6 shows the consequence of the Cumbrian flood in 2009. Other road bridges have also 
been affected by flooding in the UK and other parts of the world as shown in Figures 2.7 – 
2.11. Alongside Figure 2.9, several other bridges collapsed due to the flooding of 23rd August 
2017 in Northern Ireland similar to the Cumbrian flooding of 2009 and 2015. Pitcher (2015) 
itemised three washed away (inclusive of a footbridge), one partiallly collapsed and four 
damaged bridges from heavy rainfall as a result of storm Desmond in Cumbria in 2015. The 
highway bridge of Figure 2.10 failed in India due to heavy torrential rainfall leading to 29 
deaths, 2 buses and 10 vehicles being swept away along with the bridge by the resulting 
devastating flood in 2016 while Figure 2.12 shows a bridge in Gombe state, Nigeria which 
collapsed for the same reason as reported above. 
 
Figure 2. 6  Bridge collapse in Cumbria caused by flood in 2009. (Source: BBC news 
channel, 2009)  
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Figure 2. 7  Pooley Bridge collapse in Cumbria by flood in December 2015 (Source: 
BBC News, 2015) 
 
Figure 2. 8 Pooley Bridge (Three arch road bridge) viewed from the top (Source: 
Atlantic Geomatics, 2015) 
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Figure 2. 9  Bridge collapse in Londonderry county, Northern Ireland due to flooding 
23rd of August 2017. (Source: McCall Gary, 2017)   
 
 
Figure 2. 10   Bridge colapse in India caused by flooding: (The 50-foot British era bridge 
on the Mumbai-Goa highway on Mahad town was washed away) (Source: Yogesh, 
2016)  
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Figure 2. 11  A collapsed bridge in Gombe State, Nigeria due to undermining of its 
foundation by scour caused by flooding of the river. 
 
Table 2.1 below provides a list of a number of bridges that have either partially or fully 
collapsed as a result of flooding and scouring of foundations around the world.  
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Table 2. 1 Flood induced highway bridge failures in the UK and other countries 
 Month Year 
Water-
course 
Name of bridge Town Fatalities 
1 Dec 2015 
River 
Wharfe Tadcaster Bridge 
North Yorkshire, 
UK Nil 
2 Dec 2015  Pooley Bridge Cumbria, UK  
3 Aug 2017  
Plumbridge,  
Claudy bridge and 
others 
Londonderry, 
North Ireland  
4 Nov 2009  
Northside Bridge, 
Workingtonand 
others Cumbria, UK 1 fatality 
5 Aug 2016 
Savitri 
River British era bridge Mombai, India 
29 fatalities, 
2 buses and 
10 vehicles. 
6 March 1977  
Green Island 
Bridge 
Troy, New York, 
USA Nil 
7 April 1987  
Schoharie Creek 
bridge collapse 
Fort Hunter, New 
York, USA 10 fatalities 
8 April 1987  
Schoharie Creek's 
Mill point Bridge Amsterdam, USA Nil 
9 April 1989  
Hatchie River 
Bridge 
Covington,Tennes
see, USA  
10 Dec 2008  Sumerton Bridge 
Sumerton, 
Australia Nil 
11 April 2009  River Po Bridge Piacenza, Italy Nil 
12 Feb 1977  
Green Island 
Bridge New York, USA Nil 
13 Feb 2015  Plaka Bridge Greece Nil 
14 Sep 2015  
Bob White Covered 
Bridge Virginia, USA Nil 
15 Oct 1990  
Lacey V Murrow 
Bridge Washington, USA Nil 
16 Feb 2015  Epirus, Greece Greece Nil 
 
Incidents of Railway bridge failures have been documented (RSSB, 2004; Benn, 2013; Van 
Leeuwen and Lamb, 2014).  RSSB (2004) itemised a list of 65 flood events in the UK 
accounting for 131 bridge failures. The floods leading to the bridge failures were categorized 
as relatively minor, relatively rare and rare floods covering the period 1846 - 2003. Following 
the RSSB (2004) Report, Van Leeuwen and Lamb (2014) carried out an updated assessment 
of Railway Bridge failures caused by flooding and scour between 2003 and 2013 towards 
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updating the previous railway bridges failure incident database. They reported a total of 138 
flood – related failure incidents from 1846 to 2013, most of the bridge which collapsed due to 
undermining piers or abutments of the bridges as well as other associated processes.  
Benn (2013) revealed that since the 1840s, 15 fatalities were attributable to bridge collapse 
during flooding in Britain with economic consequences in the order of £300 million. Presenting 
two case studies of flood-related failures, they stated that the lower Ashenbottom viaduct over 
the River Irwell in Lancashire failed due to scour as a result of debris accumulation which 
accelerated turbulence and flow velocity around it. The flood in 2002, estimated for a return 
period of 25-50 years, was not considered the worst flood over the river (Benn 2013). This 
again reveal the uncertainty associated with floods whereby either expected or not, it can be 
surprisingly devastating. It is this uncertainty and that due to climate change and variability 
that is desired to be understood and studied for inclusion as a factor in design as well as in 
mitigation by engineers. Furthermore, the collapse of Malahide viaduct railway bridge during 
August 2009 in Ireland was among other reasons mainly due to progressive scouring which 
was reported to have commenced in 1997 (Benn, 2013). Benn (2013) tabulated the dominant 
causes of railway bridge failures in the UK as pier scour, abutment scour, floating debris, 
embankment scour and channel modification in the form of dredging (in the order of magnitude 
of occurrence) of which enhanced local scour due to debris accumulation around piers and 
abutment is the most significant of all.  
Flood risk on railway infrastructure has been observed in other parts of the world such as China, 
Germany (Berg, 2017; Durga et al., 2017) and New Zealand (Melville and Coleman, 2000). 
Figures 2.12 – 2.15 and table 2.2 indicate some railway bridge failures in the UK and other 
parts of the world due to floods.  
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Figure 2. 12 Malahide viaduct bridge collapse August 4, 2009. (Source: Collins 
Engineers Limited in Benn, 2013) 
 
 
Figure 2. 13  Kimberley rail Bridge collapse (Source: Emery, 2016) 
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Figure 2. 14 Railway bridge failure caused by flood in Canada. (Source: Graveland, 
2014) 
 
Figure 2.15 Railway bridge collapse over Nagabali River Odisha, in Rayagada district, 
India on 17 July 2017 due to flash flood. (Source: Jansamachar.com)  
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As stated in Benn, Stewart, and Imam and Chrysanthopoulos, bridge collapses due to flood and 
scour occurrences have been relatively common. In addition, climate change into the future as 
a result of anthropogenic greenhouse gas emissions will lead into weather extremes such as 
extreme changes in temperature, precipitation and sea-level rise which creates different hazard 
effects. The changes cause a chain of effects. Climate change caused by greenhouse effects 
lead to temperature changes which in turn lead to warming which favours formation of moist 
clouds (Houghton, 2005, Alfieri et al. 2015) and lastly changes in precipitation. With respect 
to heavy and frequent precipitation, this leads to floods with increased river flow discharge 
with associated consequences on bridge scour through undermining of bridge piers and 
abutment thus impacting on the stability of bridge structures. The effect of increased river 
discharge from climate-induced river flooding on scour of bridge foundations is, therefore, the 
main focus and motivation for this research. This is because with the envisaged frequent 
precipitation arising from global warming, floods may not need to be of great magnitude to 
cause bridge collapse due to scour as reported for lower Ashenbottom viaduct in Benn (2013). 
The main cause of scour for this viaduct was accumulation of debris at the abutment which 
resulted in accelerated water flow thus caused scour at the bridge’s abutment. Effect of debris 
on bridge scour is incorporated into EX2502. Although it is in not incorporated in Highway 
Agency, its effect can be estimated/analysed as described in Melville and Coleman (2000). 
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Table 2.2 Some flood induced railway bridge failures in the UK and other countries. 
 
Month Year 
Water 
course 
Name of Bridge Town Fatalities 
1 June 2002 River Irwell 
Lower 
Ashenbottom 
Viaduct 
Manchester, 
England Nil 
2 Sep 2003 
River 
Rother  Beigton Bridge 
South Yorkshire, 
England Nil 
3 August 2009 
Broadmead
ow estuary Malahide viaduct 
Malahide, 
Ireland Nil 
4 Nov 2009 River Crane 
Feltham Railway 
Bridge 
Feltham, 
England Nil 
5 Dec 2015  
Keswick Railway 
path Bridge 
Cumbria, 
England Nil 
6 October  1897  
Maddur Railway 
bridge Maddur, India 
150 
fatalities 
7 July 1926  
Freemantle 
Railway Bridge 
Fremantle,West. 
Australia Nil 
8 October 1987 River Tywi 
Glanrhyde Railway 
Bridge 
Carmathen, 
Wales 5 fatalities 
9 October 2005  
Veligonda Railway 
Bridge, India San Javier, India 
144 
fatalities 
10 June  2008  
Cedar Rapids & 
Iowa railway 
Bridge 
Cedar Rapids-
Iowa, USA Nil 
11 August 2009  
Malahide Viaduct 
Railway Bridge Dublin, Ireland Nil 
12 June 2013 Bow River 
CPR Bonny Brook 
Bridge 
Calgary-
Aalberta, 
Canada Nil 
13 June  2016 
Mersey 
River 
Kimberley Railway 
Bridge 
Kimberley, 
Australia Nil 
14 June  2014 Bow River 
Bonny Brook River 
Rail Bridge 
Bonnybrook-
Calgary,Canada Nil 
 
2.4 Accounting for natural variability and uncertainty 
Kirby et al. (2015) defines uncertainty as a “general concept that reflects our lack of sureness 
about something ranging from just short of complete sureness to an almost complete lack of 
conviction about an outcome”. Climate change and bridge scour assessment processes are 
associated with uncertainties. The source of uncertainty in the simulation of climate response 
is internal atmospheric variability (also called natural variability) associated with circulation 
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variability (Dessler et al., 2012). The climate responses are precipitation, air temperature and 
sea-level pressure. In projecting future climate, anthropogenic greenhouse emission forcing, 
model responses and natural variability of the climate system are the main sources of 
uncertainty (Dessler et al., 2012). Different climate models are available for accounting for 
uncertainty in climate change projections such as CCSM3 (Natural Centre for Atmospheric 
Research Community Climate System Model 3), RCM (Regional Climate Model ensemble for 
UKCP09) and GCM (Global Climate Models), all of which have been used in modelling 
precipitation and river flow in the UK (Kay et al., 2009). Proper quantification of uncertainty 
is vital in facilitating risk-based approach to decision making (Kirby et al., 2015; Kay et al., 
2009). 
Uncertainty with regards to scour assessment is lack of knowledge of the behaviour of the scour 
process and the parameters involved (Kirby et al., 2015). The factors accounting for uncertainty 
in scour assessment processes discussed in CIRIA C742 include river geometry, flood level, 
bed material depth, foundation depth of existing bridges, and limitation on the calculation of 
hydraulic parameters such as representative flow velocity, calculation methods and the models 
for estimation of scour. Such uncertainties can be accounted for by probabilistic approaches 
based on Monte Carlo’s simulation (Johnson et al., 2015) and other statistical modelling 
techniques. In this research, statistical modelling has been carried out and presented in chapter 
5 for accounting for the uncertainty in the scour calculation methods. 
2.5 Scientific evidence underlying the railway scour assessment 
code (EX2502)  
Design codes and manuals create uniformity of design criteria in a given country or region in 
order to control and have uniform assessment procedures for the purpose of public safety as 
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well as basis to achieve uniform reliability and development (Galambos, 2006; London, 2005). 
They provide clearly ‘acceptable design quality’ for designers, government and facility 
developers to facilitate provision of quality development and engineering solutions (London, 
2005). EX2502 and BD97/12 are the standard for the assessment of scour for railway and 
highway bridges over water in the UK respectively. All equations used in the codes for 
estimating contraction and local scour are based on small-scale laboratory experiments with 
limited field data verification (Lopez et al., 2014; Arneson et al., 2012). 
Scour at a bridge pier depends on the width of the pier (Melville and Coleman, 2000) incident 
on the adequacy of flow to remove bed sediment. Therefore according to Melville and 
Coleman, flow depth is a component in many published scour equations such as Richardson 
and Davis (1995), Melville (1988), Breusers et al. (1977), Coleman (1971) and Laursen (1963). 
The EX2502 assessment formulae are established on published scour equations on the basis of 
proportionality of scour depth to pier width (RSSB, 1992) as discussed below: 
Pier width: The equation 𝑑𝑙 = 1.5 𝑤𝑝 for local scour in EX2502 is in line with Neill (1973) 
for a circular pier nose aligned to flow. Where 𝑑𝑙 = local scour depth and 𝑤𝑝 = pier width. In a 
condition where flow depth is greater than 5𝑤𝑝 the code allows the coefficient 1.5 to increase 
to 2.2. The local scour formula is for a circular pier in deep water in a cohesion-less river bed 
in which its flow velocity equals the critical velocity of the bed material (BRB, 1992). The 
scour equation will predict less local scour for a shallow water depth relative to pier width 
which the code states that the laboratory results of Chiew and Melville (1987) should take 
account. 
Pier slenderness and alignment angle: This factor, which is considered to be the most 
significant geometric detail in determining local scour, is based on factors presented in Laursen 
and Toch (1956). 
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Velocity and critical velocity: In Melville and Coleman, flow velocity and critical velocity 
determines incipient sediment motion. Melville and Coleman (2000) and also highlighted in 
Yeleğen & Uyumaz, (2016),  provide a graph of the non-dimensional ratio of local scour to 
pier width (𝑖. 𝑒.
  𝑑𝑙
𝑊𝑝
⁄ ) plotted against the non-dimensional ratio of velocity (𝑣) to critical 
velocity (𝑣𝑐) (𝑖. 𝑒.
𝑣
𝑣𝑐⁄ )  as shown in figure 2.16 below. From the graph, and for a uniform 
bed sediment, local scour reaches equilibrium depth at threshold velocity (𝑣 =  𝑣𝑐) with a slight 
fall at high velocity. However, it could be contrary for non-uniform bed material as local scour 
may be higher at higher velocity than the threshold (Melville and Coleman, 2000). EX2502 
does not consider calculation of flow velocities on the assumption that local scour is 
independent of velocity (RSB, 1992). This could however lead to over assumption as the graph 
in Melville and Coleman clearly depicts variation of local scour depth with flow intensity 
(𝑣 𝑣𝑐⁄ ) as shown in Figure 2.16.Yeleğen & Uyumaz, (2016) found that the dimensionless flow 
velocity significantly improved the scour results of Laursen (1958), Breusers et al (1977) and 
Jain et al (1979) in a study of the effect of flow velocity on clear water bridge scour. The scour 
equations initially were observed to have over predicted scour depth significantly. From their 
findings, the equations and other similar ones can be improved to account for the effect of flow 
especially as river flooding is expected to be frequent.  Furthermore, the assumption does not 
take account of clear water conditions and the variation in scour depth due to intermittent 
transition between clear-water and live-bed conditions during flood. During the preliminary 
analysis, flow intensity was considered alongside EX2502 based on JBA (2014) and Melville 
and Coleman (2000). 
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Figure 2.16 Flow intensity influence on local scour depth. (Source: Melville and 
Coleman, 2000). 
This is because it was reported that some bridges failed at below peak discharge i.e. minor or 
low flows (May et al., 2002). Despite RSB (1992) identifying that EX2502 is well-established 
in terms of the scour equations, May et al. (2002) pointed that the theoretical background of 
these equations are limited and the sources of some of the models used in the assessment 
document are not cited especially for flow depth as mentioned earlier above. 
One of the identified limitations of the railway code is with regards to the flow depth of rivers 
that is not designed to consider flow velocity. The estimation of flow depth, as provided in 
section 7.2 of the EX2502 code for large rivers, is based on 𝑌𝑢 =  0.185𝑊𝑢0.7. This indicates 
channel width (𝑊𝑢) as the determinant of flow depth (𝑌𝑢) which makes it insensitive to river 
discharge and, therefore, may not be able to capture the potential climate change effects on 
bridge scour. Another limitation consideration of the flow velocity. It is assumed in section 
7.3.8 of the code that local scour is independent of velocity. Melville and Coleman (2000) 
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considered that critical velocity helps to determine whether the flood flow is clear water or live 
bed scour and importantly, determine a factor for the proportionality of local scour depth to 
width of pier. EX2502 adopts an equation of local scour (𝑑𝑙) 𝑤𝑖𝑡ℎ 𝑎 𝐾 𝑓𝑎𝑐𝑡𝑜𝑟 =1.5𝑤𝑝, where 
𝑤𝑝 = width of pier. Based on the Melville and Coleman (2000) theory, the proportionality of 
local scour to pier width depends on the ratio of flow velocity to critical velocity. Therefore, 
the 1.5𝑤𝑝 adopted in the scour model used in EX2502 could lead to conservative prediction of 
scour at bridge piers or abutments at velocities below critical velocity. However, 1.5𝑤𝑝 is 
considered adequate and it is used in most of the scour assessment advice documents. 
2.6 Scientific evidence underlying the highway scour assessment 
code (BD97/12)  
The scour assessment code for highway bridges (BD 97/12) is the second revised document for 
the assessment of scour for highway structures in the UK which superseded BA 74/06 after its 
release in May 2012. It consists of two levels of assessment processes; Level 1 for structures 
of low scour risks and level 2 resulting from the inspection and level 1 assessment where a 
bridge may be identified as being at risk of scour. The procedure for obtaining flow depth and 
velocity upstream of a bridge, included in sections 4.16 to 4.24 in the code, are consistent with 
the equations for hydraulic structures given in Hamill (1999). Similar to EX2502, the BD 97/12 
local scour expression is based on proportionality of pier width and other factors as below and 
considered accounting for climate change: 
Pier geometry: The maximum local scour at the bridge pier considers the geometry of the pier 
in terms of pier width and pier shape. In the local scour equation for most of the assessment 
documents and some scour equations, the effect of width of pier is accounted for by an 
empirical constant 𝐾 = 1.5 𝑤𝑝.  𝑤ℎ𝑒𝑟𝑒 𝐾 = 𝑒𝑚𝑝𝑖𝑟𝑖𝑐𝑎𝑙 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡; 𝑤𝑝 = 
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𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑝𝑖𝑒𝑟, according to Neill (1973). This is because it is the effective width of the bridge 
piers obstructing flow that results in local scour at the foundation of the bridges. The second 
element of pier geometry in the local scour equation is the shape factor given as 𝑓𝑝𝑠.  
 
Figure 2.17 Pier effect on local scour (circular pier) (Yeleğen & Uyumaz, 2016) 
Angle of attack: This factor considered to be one of the most significant geometric details in 
determining local scour is based on factors similar to Melville and Coleman (2000) where the 
angle of attack factor is given as: 
                                     𝑓𝑃𝐴 = (cos𝛼 +
𝐿
𝑊𝑃
 sin 𝛼)                                                                  2.1 
 Where 𝑓𝑃𝐴 = 𝑎𝑛𝑔𝑙𝑒 𝑜𝑓 𝑎𝑡𝑡𝑎𝑐𝑘 𝑓𝑎𝑐𝑡𝑜𝑟;  𝛼 = 𝑎𝑛𝑔𝑙𝑒 𝑜𝑓 𝑓𝑙𝑜𝑤 𝑡𝑜 𝑡ℎ𝑒 𝑝𝑖𝑒𝑟; 𝐿 = 𝑝𝑖𝑒𝑟 𝑙𝑒𝑛𝑔𝑡ℎ;  
𝑤𝑝 = 𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑝𝑖𝑒𝑟. However, in cases where the angle of attack exceeds 10 degrees, the 
code states that the angle of attack factor should be taken = 1.0. Figure 2.17 below illustrates 
angle of flow attack to a pier. The letter b in the figure below is the same as 𝑊𝑃 representing 
width of pier. 
V 
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Figure 2.18 Flow at angle to a bridge pier (Mashahir, Zarrati, & Mokallaf, 2010) 
Critical velocity: It has been earlier discussed that in EX2502, the local scour model is not 
dependent on water velocity. In BD 97/12 this is accounted for by obtaining competent velocity 
in relation to the bed material size which results in obtaining constriction scour depth at the 
bridge from Bernoulli’s equation and consistent with Hamill (1999). Competent velocity is 
obtained from Figure 2.19 below: From the figure, competent velocity can be obtained for 
various ranges of depth at the bridge constriction (𝑌𝐵) ranging between 1.5m, 3.0m, 6.0m and 
15.0m. The limitation of the manual as can be seen from the figure is that it does not account 
for competent velocity for depths below 1.5m. It is pertinent to state that rivers or streams with 
flow depths at bridge constriction below 1.5m could also be susceptible to scouring of 
foundations. The Ashenbottom railway bridge collapse and also bridges crossing rivers on 
steep slopes are typical examples. However, in this research, competent velocities for flow 
constriction depths have been accounted for by providing equations representing competent 
mean velocity – sediment material grain size curve(s) curves at depths below 1.5m. 
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Figure 2.19 Competent velocity – Bed material graph (Source: Highways England, 
2012) 
 
Flow depth factor: The code states that this factor should be taken as = 1.0 where flow depth 
at the pier plus constriction scour (i.e. 𝑦𝑠𝑝) exceeds 2.6𝑤𝑝 otherwise 
                                          𝑓𝑦 = 0.78 (
𝑦𝑠𝑝
𝑤𝑝
)
0.225
                                                                      2.2 
Where  𝑓𝑦 = 𝑓𝑙𝑜𝑤 𝑑𝑒𝑝𝑡ℎ 𝑓𝑎𝑐𝑡𝑜𝑟; 𝑦𝑠𝑝 = 𝑐𝑜𝑛𝑠𝑡𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑠𝑐𝑜𝑢𝑟 𝑑𝑒𝑝𝑡ℎ 𝑝𝑙𝑢𝑠 𝑓𝑙𝑜𝑤 𝑑𝑒𝑝𝑡ℎ; 
𝑤𝑝 = 𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑝𝑖𝑒𝑟. From analysis of scour risk rating and predicted scour depth which was 
compared with field measurements as presented in the subsequent chapters, it was observed 
that 𝑦𝑠𝑝 > 2.6𝑤𝑝  coincides with live –bed scour conditions whilst the contrary, for clear – 
water condition, although these conditions are not explicitly implied or stated in the BD 97/12 
equations. 
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2.7 Background on Climate change 
Climate is the average weather and its variability over a region over time while weather is the 
daily changes in the temperature, precipitation and other atmospheric phenomenon 
(Transportation Research Board, 2008). “Climate change relates to the state of the climate that 
can be identified by changes in the mean or the variability of its properties, and that persists for 
an extended period, typically decades or longer” (Hartmann et al., 2014).  In IPCC (2007), it is 
stated that it is the “statistically significant variation in either the mean state of the climate or 
its variability over an extended period, typically decades or longer, that can be attributed to 
either natural causes or human activity”. IPCC (2014) defines climate change “as a change of 
climate which is attributed directly or indirectly to human activity that alters the composition 
of the global atmosphere and in addition to natural variability observed over comparable time 
periods”. The definitions reveal the activities causing climate change. 
Warming temperatures may trigger extreme weather events or conditions such as precipitation, 
melting of the sea ice and rapid rise in sea levels beyond model projections (Transportation 
Research Board, 2008). Increased precipitation may be less or dry and fall excessivelly in other 
areas as figure 1.2 in Chapter 1 depicted (USGCRP, 2009). USGCRP (2009) pointed that 
warming temperatures trigger more precipitation as rain than snow while rising temperature 
accelerate snow melt therefore causing changes in river flows. In a warming world, warmer 
temperature increases water holding capacity of the atmoshere and increases rate of 
evaporation into the atmosphere from the earth surface (USGCRP, 2009). Therefore, 
O’Gorman and Schneider (2009) coroborated  that climate change is likely to lead to both 
intensification and frequency of rainfall. O’Gorman and Schneider studied the physical basis 
for increases in precipitation extremes by simulation of the 21st century climate change basaed 
on (A1B) medium emission scenario. 
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2.7.1  Climate change scenarios for the UK 
Climate change scenarios describe possible future changes in climate. Use of such scenarios 
can be seen as appropriate to analyse how driving forces may influence future emission 
outcomes and to assess the associated uncertainties (Nakicenovic et al., 2000). The scenarios 
assist in climate change analysis, climate modelling and the assessment of impacts, adaptation 
and mitigation (Nakicenovic et al., 2000). The most resent climate information, a set of 
probabilistic projections for the UK, is the United Kingdom Climate Projections 2009 
(UKCP09) (Murphy et al, 2009). The projections in UKCP09 contain quantifications of 
uncertainty of climate science and provide the basis for risk decision-making (Street et al., 
2009). UKCP09 consists of observed datasets and climate modelling which provides climate 
projections at finer spatial and temporal resolutions than its predecessor UKCP02 (Murphy et 
al., 2009; Street et al., 2009). The limitation of UKCP02 is that climate change projection is 
not probabilistic based as is the case in UKCP09 and therefore the effect of uncertainty is not 
accounted in it.  
The projections give information and data for three emissions scenarios (based on the IPCC 
Special Report on Emissions Scenarios (SRES)), that is A1F1 (High), A1B (Medium) and B1 
(Low), representing different future emission pathways (DEFRA, 2009; Murphy et al., 2009)). 
The emission scenario pathways are based on how socio-economic factors such as energy use, 
economic and population growth might evolve or change in the future. The high emission 
storyline (A1F1) represents a future world of rapid technological change and economic growth 
but with great reliance on fossil fuel while the medium storyline (A1B) represent a future world 
with rapid growth with a balance in the use of fossil fuel and renewable energy. The low 
emission scenario (B1) represents a world dependent on environmentally sustainable energy 
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rather than fossil fuel. However, greenhouse emission cuts in order to avoid consequences of 
increase in temperature are globally pursued. 
Uncertainty is handled within UKCP09 as probabilistic projections of likely outcomes of the 
emission scenarios in the form of percentages (Metoffice, 2014) over time-slices, as shown in 
Figure 2.20. The UKCP09 uses weather generator as a tool for future temperature and 
precipitation projections for the UK. Figure 2.21 shows an example of a cumulative distribution 
function of winter future precipitation for South East England for 2070 – 2099 relative to the 
1961 – 1990 baseline obtained from the weather generator.  
 
Figure 2.20 30-year time scale for UK climate projection relative to pre-determined 
baseline (Source: Metoffice, 2014) 
 
From the plot, future change in precipitation for the low emission scenario is 18% (4% to 38%) 
i.e. 18% median estimate, 4% for the tenth and 38% for the ninetieth percentiles. The changes 
for the medium and high emission scenarios are 23% (4% to 50%) and 30% (7% to 65%). The 
Bridge Scour - Climate Change Effects and Modelling Uncertainties. 
 
  
FRIDAY THOMAS EKUJE  2018 47 
 
UKCP09 weather generator assists in investigating risk associated with extreme events and 
impact (Metoffice, 2014).  
 
Figure 2.21 Precipitation projection from weather generator. Source (Metoffice, 2014)                                                                                                                     
http://ukclimateprojections-ui.metoffice.gov.uk/ui/outputs/graphics.php 
2.7.2  Precipitation  
Changes in precipitation caused by climate change has been attributed to anthropogenic 
greenhouse gas concentration in the atmosphere. Human-induced greenhouse gas 
concentration contributing to heavy precipitation events in the Northern Hemisphere have been 
investigated by a number of researchers (O’Gorman and Schneider, 2009; Min et al., 2011; 
Donat et al., 2013) owing to global warming (Trenberth et al., 2007; Groisman, 2005). In the 
Bridge Scour - Climate Change Effects and Modelling Uncertainties. 
 
  
FRIDAY THOMAS EKUJE  2018 48 
 
UK, gridded data among other types of models have being used to trace precipitation trends in 
terms of frequency and magnitude (Simpson and Jones, 2011; Jones et al., 2013). Models are 
used to observe recent climate and changes in the past climate (IPCC, 2007). Jones et al. (2013) 
used Generalised Extreme Value (GEV) models in the assessment of changes in rainfall 
extremes in the UK for the period 1961 to 2009. The result shows increase in both regional and 
seasonal rainfall maxima alongside new return period estimations. They suggested that the long 
term duration winter rainfall can possibly have severe implication on flooding in the UK.   
According to Burt and Ferranti (2012), Maraun et al. (2009) and Christeinsen et al. (2007), 
heavy precipitations occur more frequently and/or at a higher magnitude in winter than 
summer. Maraun et al. (2009) point that extreme precipitation depends on the region in the UK; 
heavy precipitation along the West coast may be expected in late autumn and winter, while in 
the East coast and the Midlands this is likely to occur in late summer. They related UK rainfall 
to different process and driving mechanisms such as thunderstorm, frontal and convective. The 
statistical model in conjunction with Generalised Extreme Value models used revealed 
predominant extreme convective rainfall in summer in some regions of the UK (e.g. East of 
England and the Midlands); Central and East England have low precipitation but with 
occasional heavy thunderstorm. It should be noted that the storms can cause an influx of water 
in the form of precipitation which may cause river flooding. The West coast of the UK exhibits 
both dominance in frontal precipitation in winter and heavy convective rainfall in summer. The 
study is consistent with Christiensen et al. (2007). Burt and Ferrant’s (2012) study of heavy 
rainfall in Northern England shows consistency in heavy rainfall in winter but less frequent 
upland with greater contribution from the westerly winds during the period between 1850s – 
2000s.  
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2.7.3  Future UK river flood flow projections  
Projections for future design flood flows for UK river catchments have been determined in a 
number of studies. Analysis of changes of seasonal river flows carried out by Prudhomme et 
al. (2012) using 11 UKCP09 RCM models for the medium emission scenario provided varied 
possible changes by 2050s. River flows are indicated by mixed changes in England and Wales 
with drier or wetter changes ranging from -20% to 40%. Across the UK during spring, the 
RCM scenarios result in drier conditions with decreases of about 40%. Increased flow for 
central England of about 60% was obtained by 3 RCM scenarios while in summer, river flow 
showed a reduction of about 80% particularly in the north and west but with small increase in 
the Southeast England and Scotland. Autumn shows mixed patterns of flow ranging from 60% 
to 80%. Note that these percentage changes are with reference to 1961 – 1990 time scale 
baseline. The results obtained indicates variation among the regional climate models used for 
the study. This study in line with other studies have shown mixed river flow changes with 
differences within a season therefore creating difficulty as to which model can give accurate 
peak flow projection values for infrastructure design purposes especially for bridges which 
have long life. In the UK, considering peak flow response to past observed trends in rainfall, it 
has been a requirement to provide additional allowances of 20% in river peak flows up to 2115 
(Darch and Jones, 2012; Reynard et al., 2010). The observations summarised above, though, 
show that in some cases the 20% allowance would lead to an underestimation of the increases 
in peak river flows. It can be argued that at the time of the recommendation, the underpinning 
science to capture climate spatial variability was not available (Reynard et al., 2010).  
Some GCM models reveal floods in catchments in Northwest England can be more than the 
recommended limit by 2080s (Watt et al., 2013) but sensitivity analysis by Reynard et al. 
(2010) state the contrary with peak flow being within 0-10% increase for a 20-year flow at 
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annual temperature of 2.50c with additional +/- 0.8% for seasonal variability changing in 
January as projected for 2080s using both GCM and RCM models. The differences in peak 
return period may be because UK is subject to varying climate such as NAO, AMOC and 
climate variability besides wind pattern such as the south-westerly and the easterly weather 
types. Bell et al. (2012) add that some rivers (e.g. the Thames) show several changes outside 
natural variability which makes RCMs unable to capture peak flows adequately. This implies 
that these models have to be well calibrated to simulate flood in catchments which exhibits 
variability within its reaches. 
Studies on river flood have been carried out based on seasonality (Bell et al., 2012: Cloke et 
al., 2013). Bell et al. (2012) showed that for the Thames catchment in the Southeast of England 
and for the 2080s, the average estimated change in a 20-year modelled flood return period is 
36% with a range of -11% at tenth percentile to 68% at ninetieth percentile. For the Severn 
catchment, the change in flood peak varied among models used for the study; although all the 
models indicated high river discharge (Cloke et al., 2013). Cloke et al (2013) modelled climate 
impact on floods with ensemble climate projections climate models for the Upper Severn River. 
Their model projections, that is , the UK Climate Projections (UKCP09) (single RCM), median 
is 25% and varies from 10% to 40% for the lower and upper estimate, while the multi-model 
ensemble RCM projections from the ensembles project show a median of 40% and variation 
of  10% to 60% for the lower and upper estimate. On the other hand, the joint probability 
distribution of precipitation and temperature from a GCM-based perturbed physics ensemble 
result in a mean of 50% and a variation from 15% to 75% for the 2030–2050 time slice. 
Reynard et al.’s (2010) mean river peak discharge projection exceeded 30%. It is noted that the 
RCM model is not good at capturing processes adequately (Watts et al., 2015). This informed 
the basis for setting 25% increase on flood peak discharge/return periods in the design of 
hydraulic structures including bridge foundation scour for the 2080s in the UK (Environment 
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Agency, 2011). It can however be observed that the median peak values by Bell et al. (2012) 
and Cloke et al. (2013) still exceed the 25% precautionary allowance for the UK which 
incorporate the uncertainty associated with future projections of river flooding due to climate 
change. It is therefore important to keep this in mind as it could potentially change in the future 
with more refinement of climate models. Lavers et al. (2013) assert that future river flow 
projections may results in increases of 50-100% in frequency of large winter floods in Britain.  
Recently, new guidance (Environment Agency, 2016) updating the previous precautionary 
allowance of 20% for hydraulic design (Environment Agency, 2011) in the UK for risk 
assessment has been made available following improved refined development of scientific 
climate models for ‘climate change and hydrological impacts’ (Reynard et al., 2017).  The 
guidance considered future changes in peak flow for three time slices of 2020s, 2050s and 
2080s based on medium emission scenario (A1B) in eleven river basins of the UK 
(Environmental Agency, 2016; Reynard et al., 2017). The climate change factors for the river 
basins as adapted from Environment Agency (2016) and Reynard et al (2017) are presented in 
Table 2.3 below for clarity and understanding. For each of the river basins, the change factors 
with reference to 1961–1990 baseline are 90th percentile (i.e. upper end estimate), 70th 
percentile (i.e. higher central estimate), 50th percentile (i.e. central estimate) and 10th percentile 
(i.e. lower estimate) while the values for the H++ are for rivers within the catchments which 
showed significant increases in river flood flows than the standard catchments (Environment 
Agency, 2016). The H++ are upper estimates which may account for circumstances of rare 
flood events which again may not be unlikely with time. 
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Table 2.3  Flood flow guidance (allowance) for England river basin catchment regions 
(source: Environment Agency, 2016; Reynard et al., 2017). 
River basin catchment 2020s 2050s 2080s  
Anglian     
H++ 35% 55% 90%  
Upper end estimate 30% 40% 70%  
Higher  central estimate 15% 20% 35% 70th percentile 
Central estimate 10% 15% 20% 50th percentile 
Lower end estimate  -15% -10% -5%  
Dee      
H++ 30% 45% 70%  
Upper end estimate 20% 30% 45%  
Higher  estimate 15% 20% 25% 70th percentile 
Central estimate 10% 15% 20% 50th percentile 
Lower end estimate  0% 0% 5%  
Humber     
H++ 35% 45% 75%  
Upper end estimate 25% 30% 50%  
Higher  central estimate 15% 20% 30% 70th percentile 
Central estimate 10% 15% 20% 50th percentile 
Lower end estimate  -5% 0% 5%  
Northumbria     
H++ 35% 45% 75%  
Upper end estimate 25% 30% 50%  
Higher  central estimate 15% 20% 25% 70th percentile 
Central estimate 10% 15% 20% 50th percentile 
Lower end estimate  0% 0% 5%  
N.W. England     
H++ 40% 60% 105%  
Upper end estimate 25% 35% 65%  
Higher  central estimate 20% 30% 35% 70th percentile 
Central estimate 15% 25% 30% 50th percentile 
Lower end estimate  5% 10% 10%  
S.E. England     
H++ 40% 70% 125%  
Upper end estimate 30% 55% 100%  
Higher  central estimate 15% 30% 45% 70th percentile 
Central estimate 10% 20% 35% 50th percentile 
Lower end estimate  -15% -5% 0%  
Severn     
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H++ 40% 55% 100%  
Upper end estimate 25% 40% 70%  
Higher central estimate 15% 25% 35% 70th percentile 
Central estimate 10% 20% 25% 50th percentile 
Lower end estimate  -10% -5% 0%  
S.W. England     
H++ 40% 60% 110%  
Upper end estimate 30% 40% 75%  
Higher  central estimate 20% 30% 40% 70th percentile 
Central estimate 10% 20% 30% 50th percentile 
Lower end estimate  -5% 0% 5%  
Solway     
H++ 40% 55% 105%  
Upper end estimate 25% 35% 65%  
Higher central estimate 15% 25% 30% 70th percentile 
Central estimate 10% 20% 25% 50th percentile 
Lower end estimate  5% 15% 10%  
Thames     
H++ 40% 55% 90%  
Upper end estimate 30% 40% 70%  
Higher  central estimate 15% 25% 35% 70th percentile 
Central estimate 10% 15% 25% 50th percentile 
Lower end estimate  -15% -10% -5%  
Tweed     
H++ 35% 50% 65%  
Upper end estimate 25% 35% 35%  
Higher  estimate 15% 20% 25% 70th percentile 
Central estimate 10% 15% 20% 50th percentile 
Lower end estimate  0% 5% 15%  
 
In Table 2.3 above, 2020s represents a time period covering 2015 – 2039, 2050s represents a 
time slice covering 2040 – 2069 while the 2080s is for the period 2070 - 2099. The guidance 
represents changes in flood peak with reference to the 1961 – 1990 baseline and for a 50 – year 
return period peak flood discharge. It is explicitly stated that extrapolating for higher return 
periods, the allowances may remain unchanged from the values presented in Table 2.3 
(Environment Agency, 2016b), therefore considering them adequate of the flood peak change 
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allowances for any (higher) return period. The change in flood flows presented with low and 
high end estimates helps to account for the uncertainties associated with natural events such as 
climate change; as anticipated changes in flow would be within these limits. In this research, 
the effect of climate change on bridge scour was considered based on these recent flood flow 
guidance for England, by considering 30%, 50% and 105% flood peak discharge as compared 
to the -11%, 36% and 68% changes suggested by Bell et al. (2013) in previous studies. The 
decision for choosing the 30% allowance based on 2020s is because it is the mode for all the 
eleven river basins investigated. Secondly, from the table, 30% featured most for river basins 
in the south of UK. For the 2050s an approximate mean of the climate factors for South East 
England and South West England was taken while for the 2080s, based on the fact that the time 
scale is farther away from the present time, the H++ upper estimate values were considered 
and 105% was selected as it is a representative value for about five basins which is also slightly 
an average value for the basins with high climate change factors. In addition, the choice for the 
flood flow from the Environment Agency document is again that they are representative of 
values in River basin catchments within the Southern part of UK where this research was 
carried out and a large number of bridges on a dense and busy transport network are located.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
In this sub-section it has been shown that there have been evidence of increasing trends in 
flooding in the UK; increased precipitation projections in the future may lead to wetter 
catchments which may in turn transform into higher river flood discharges which may affect 
further the integrity of bridge foundations.  
2.7.4  Climate change impacts on bridge scour 
Past studies carried out have shown that vulnerability of infrastructure to changes in 
precipitation, rise in sea levels, storm surges and temperature can be expected with confidence 
in the 21st century (Nuemann et al., 2014). An extensive scenario-based study carried out in 
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the United States covering roads, bridges, rail lines, urban drainages as well as coastal land 
structures revealed that about 90% bridges in the New Mexico and West Texas may be 
vulnerable to scour. Analysis of the research further shows that the number of vulnerable 
bridges to peak flow in 2100 shall be approximately 75,000 for the 3.7Wn-2 policy scenario, 
approximately 82,500 for the 4.5Wn-2 scenario  and 182,500 for the business-as-usual (also 
called the Reference) scenario at 30C sensitivities. Policy mitigation and reference scenarios of 
peak flows for the 2050 were presented as being 80,000 for 3.7Wn-2, 102,500 for 4.5Wn-2 and 
120,000 for the 6.5Wn-2 Reference scenarios, respectively. The results could be such that if 
there is compliance to mitigation policy, there will be reduction in damage to bridges as a result 
of peak flows and it will also reflect on cost. Moenier and Gao (2013) also carried out studies 
on the impact of extreme events in the United States similar to Neumann et al. (2014) 
Wright et al. (2012) assessed river flooding on bridge scour vulnerability due to climate change 
in the United States. Greenhouse gases scenarios (A2, A1B and B2) and daily precipitation 
statistics from climate models in combination with the National Bridge Inventory database 
information were used to estimate bridge scour vulnerability. In the assessment, the scenario 
with the higher GHG emissions showed substantial numbers of bridges at risk with high costs 
of adaptation in order to circumvent increased costs associated with climate change. Several 
bridges were found to be vulnerable in which 129,000 bridges were found to be deficient and 
100,000 bridges were vulnerable to peak flows i.e. increased river discharge.  
Khelifa et al. (2013) used a risk assessment model (HYRISK) to assess the probability of bridge 
scour failures in the US in quantifying risks and economic losses due to climate change. 
HYRISK is a model developed by the US Federal Highway Administration to assess risk of 
scour failure associated with climate change relating to bridge scour. The HYRISK which 
means Hybrid Treatment of Uncertainties in Risk Assessment is a software that calculates the 
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probability of bridge failure due to scour. They found out that failures for bridges over rivers 
due to climate change factors will be due to vulnerability to scour with accompanying 
economic losses in the United States. The reason for considering climate change in bridge 
design according to Khelifa at al. (2013) is that bridges and bridge foundations built in the past 
were with consideration for less intense precipitation  based on the fact that there will be no 
climate changes.  
HYRISK is a risk-based assessment of bridges based on probabilities. With the risk assessment 
model, mean yearly probability of failure as a result of scour can be obtained. It functions by 
first relating the frequency of rainstorm to probability that the storm will flood the bridge based 
on waterway adequacy and classification of the bridge. The next step is relating the probability 
of overtopping to failure of a bridge or bridges based on vulnerability to scour. For old bridges 
with non-existent or missing data (Dikanski, Imam, & Hagen-Zanker, 2018) the second step 
has optional alternative. This second step therefore can also be based on bridge superstructure 
conditions, channel and channel protection. From the vulnerability probabilities obtained, 
losses due to bridge failures are estimated after taking into account adjustment factors such as 
for bridge foundation type. It is noted that HYRISK was designed assuming that there are on 
average 80 bridge failures annually (Khelifa et al., 2013); however, this may be an indication 
of not likely giving reliable estimate for larger bridge stock than it was intended for. The 
shortcoming of the study with HYRISK as pointed out by the researchers is that it estimates 
relatively higher probability of failure for bridges with less scour vulnerability. The advantage 
of the Highway Scour assessment used in this research is that, based on the input parameters, 
it gives a representative scour risk rating of the bridges being assessed. Therefore, bridge 
owners can prioritise management actions on their bridge stock with confidence as compared 
to the HYRISK method used by Khelifa et al (2013).  
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Stein and Sedemera (2006) used HYRISK to carry out an extensive study of bridges in the 
United States in providing management guidelines for bridges whose foundations were 
unknown. The importance of the guidelines which emanated from the analyses was the 
intention of developing management plans (Khelifa et al., 2013). The hitherto climate averages 
which were considered as at the time in designs such as flood probabilities, stream flow and 
runoff will not suffice in future predictions (Miller, 2008; Khalifa et al.2013), particularly 
bridge designs. Stein and Sedemera (2006) described scour as a common water related hazard. 
Kirshen et al. (2002) carried out a study on the effect of long-term climate change on bridge 
scour for the Massachusetts Highway Administration Department. Prior to the assessment, the 
case study bridge on the Interstate Route 95 (I-95) over the river in eastern part of 
Massachusetts was reported to have a stable foundation scour rating. They evaluated the bridge 
based on 10% to 30% increases in peak river flows considering a 1 in 100 year flood discharge 
due to climate change effects on bridge scour. Results from this study showed that even a 10% 
increase in the 1 in 100 year peak discharge would make the bridge vulnerable to scour under 
climate change conditions.  
The research works of Kirshen et al. (2002), Stein and Sedemera (2006), Khelifa et al. (2013) 
and Nuemann et al. (2014) on the effect of climate change and the associated risk on bridge 
scour clearly demonstrates the link between bridge scour and high peak stream discharge. It is 
pertinent to state that no recent research update on the effect of climate change on bridge scour 
other than for Stein and Sedemera (2006), Khelifa et al. (2013) and Nuemann et al. (2014) 
using HYRISK except Kirshen et al (2002) who simply applied certain fixed percentages such 
as 10–30% to assess the effect of climate change on bridges. Bridge damages have been 
reported to have occurred in the UK due to increased stream flow (Archer et al., 2007; Stewart 
et al., 2009; Benn 2013). The large number of bridge inundated during the Cumbria floods in 
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2009 created the awareness that UK could be susceptible to the effect of climate change 
(Stewart et al., 2009). This is because of river catchments sensitivity responses to increased 
precipitation due to climate change in a warming world (Bell et al., 2012; Prudhomme et al., 
2012; Watt et al., 2013). This thesis will contribute towards shedding light into the sensitivity 
of bridges to climate change effects, identifying susceptible bridge types and also 
understanding the importance of different parameters on scour risk of bridges. One of these 
parameters is the differences between the scour predictions given by the scour models used in 
bridge codes and those obtained from field measurements, which are discussed in the following 
section and in chapter 5.   
2.8 Field scour measurements 
2.8.1  Instruments for field scour measurements 
To assess scour towards designing bridges accounting for this effect, and for assessing the risk 
of scour to existing bridges over rivers, empirical models have been derived from laboratory 
flume tests carried out in the past (Deng and Cai, 2010). These models tend to over predict 
scour at abutments and piers due to scale effects in the small-scale laboratory experiments. As 
a result, the need for measuring scour in real field conditions has become increasingly 
important to assess the accuracy of the scour models towards identifying vulnerable bridges at 
risk (Butch, 1996; Fisher et al, 2013; Yu and Yu, 2009). Collection of field measured scour 
data for bridges over rivers has been extensively carried out in the US in the last few decades, 
aiming at increasing scour prediction with accuracy (Richardson and Richardson, 1989). Below 
is a brief overview of the most widely used instruments for obtaining field scour data. These 
instruments include Sonar, Magnetic Sliding Collar, Medium Tilt Sensors, Float – Out Device, 
Piezoelectric Film, Sounding Rod, Bragg grating Sensors and time - domain reflectometer as 
discussed below. These instruments are categorized into ‘single – use, pulse/radar, 
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buried/driven rod system sound – wave, Fiber-Bragg grating and electrical conductivity 
devices’ (Prendergast and Garvin, 2014).  
2.8.1.1  Time Domain Reflectometry (TDR) 
Field measuring instruments for monitoring of scour at bridges contribute towards further 
understanding of the scour mechanism with a view to developing bridge foundations with 
improved scour resistance (Yu and Yu, 2009) to high flowing water during river flood. Time 
Domain Reflectometry (TDR) which is categorized as a pulse or radar device is one of the 
instruments for monitoring and measuring scour at bridges. Its principles and advantages are 
herein discussed. TDR is configured with a pulse generator device, cable and a probe for 
measurement (Yu and Yu, 2010). It operates based on the transmission of electromagnetic 
pulse through a cable connected to waveguides (that is, the sensing rod and sensing wire); 
reflections from the transmission is observed due to changes in the electric field impedance 
along the waveguide between the interface, that is soil/water interface, translates to scour depth 
(Lin et al, 2017). It has the advantage of being installed on a new bridge during construction 
for continuous or long-term scour monitoring/measurement (Yu and Yu, 2009). The long-term 
monitoring aspect of TDR would assist in the in-depth understanding and thus study of ‘scour 
mechanism under field conditions’ (Yu and Yu, 2009:474). A disadvantage of TDR in the 
monitoring of scour at bridges identified by Yu and Yu (2009) include impaired signal as a 
result of flood - induced turbulence which affects monitoring of scour while floating debris 
could also affect the optimal location of the TDR probe at a bridge. Fisher et al. (2013) 
identified that variation in temperature and salinity can also affect accuracy of measurement of 
TDR. However, it permits river bed elevation to be read at determined intervals or periods and 
its resistance to high flows, ice and debris are additional advantages (Hunt, 2009). 
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2.8.1.2  Ground – penetration radar 
Ground – penetration radar (GPR) instrument is one of the pulse or radar device for scour 
monitoring. Depth of scour is obtained with radar pulses by determining the water-sediment 
interface. The technical working principle is like the Time – Domain Reflectometry. GPR 
consists of a pulse generator, cable and a floating transmitter which floats on the water surface 
for obtaining riverbed profile. Prendergast and Gavin (2014) identified its disadvantages as 
being difficulty to use during heavy River flooding which favours high occurrence of scouring 
and that it requires manual operation of the instrument. They further added that it gives 
information on depth of scour at a given location at a time, thus it lacks the suitability for 
continuous monitoring.  GPR has the advantage of giving accurate measurement of river bed 
conditions. 
2.8.1.3  Sonar (Fathometer) 
Sonar is one of the sound wave devices for monitoring scour at bridges. It is mounted on bridge 
piers and operates by emission of pulses from the pulse generator to the interface of the water- 
sediment of the flood flowing river (Fisher et al, 2013; Prendergast and Gavin, 2014). Scour 
depth is measured on the basis of the travel time of sound wave transmitted through the water 
onto the river bed (Nassif et al., 2002). This enables the instrument to monitor and record scour 
depths at piers. Sonar (fathometer) was mostly deployed in the measurements of the field scour 
in the USGS database (Hunt, 2009). Sonar has the advantage of offering time history of scour 
monitoring but its readings can be interfered by debris, air entrainment and high sediment load 
(Hunt, 2009; Prendergast and Gavin, 2014). Its time history recording can be programmed to 
record depth measurements at determined regular time intervals and a further benefit is that it 
is capable to ‘track scour and refill’ during rising and falling flood peaks (Nassif et al, 2002). 
Figure 2.22 below shows a schematic diagram of a sonar.  
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Figure 2.22 Schematic diagram of sonar bridge scour monitoring instrument (Source: 
Nassif et al., 2002). 
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2.8.1.4  Echo sounders 
Echo sounders are sound wave devices like sonic fathometers. They function by emitting high 
acoustic pulses from a source transducer and received by a transducer placed at depth between 
the water surface and the river bed. Time – depth readings from the sounder are plotted from 
which scour depths are obtained using estimated seismic interval velocities (Prendergast and 
Gavin, 2014). A disadvantage of echo sounders is that the high frequency acoustic wave pulses 
generated do not penetrate the river bed sediment strata thus unable to provide information on 
previous scour – refill (Prendergast and Gavin, 2014).  
2.8.1.5  Magnetic sliding collar 
Magnetic sliding collar (MSC) falls under the category of Driven or buried rod devices. 
Prendergast and Gavin (2014) itemised other types of driven rod devices as Tell Tail 
(developed at Wallingford) and mercury tip switches. Only MSC is described while the general 
principles on which driven or buried rod devices operates are elucidated. Driven rod devices 
have a probe or rod manually driven or automated based on gravity, resting on the riverbed 
thus moving downward with development of scour at the pier or abutment. Either of the gravity 
sensor or driven rod device type are placed into the riverbed and must be large such that it 
prevents downward penetration while it is in a stationary position. Driven or buried devices 
have remote sensors attached for the detection of change in depth by the gravity sensor. 
The Magnetic sliding collar has collar with attached magnets placed on the riverbed around the 
rod. The magnetic collar assists in triggering sensors in the rod such that as the riverbed erodes, 
there is a corresponding downward slide or movement of the collar into the scour hole. 
Information of scour at the given location is indicated by the depth of the collar. The scour 
depth provided by the magnetic sliding collar can be read manually or by automation 
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(Richardson, 2002; Sreedhara et al, 2015). The automated MSC is driven into the riverbed and 
connected to a data logger (as shown in Figure 2.23) with the aid of flexible wires for conveying 
magnetic pulses. 
One of the advantage of MSC is its ease of installation and that it can be used during flood 
conditions (Wang et al., 2017). It is suitable for monitoring shallow rivers. However, it cannot 
be used for collecting scour depth data on a continuous basis. 
 
Figure 2.23  Magnetic sliding collar scour monitoring instruments and associated 
components (Source: Nassif et al. 2003) 
 
2.8.1.6  Fibre - Bragg grating (FBC) 
Fibre – Bragg grating sensors are of the category of piezoelectric film device (Sohn et al., 2004 
in Prendergast et al., 2014). Fibre – Bragg grating sensors are structured consisting of sensors 
arranged on a fibre and mounted on a cantilevered beam or they could be several sensors 
arranged on an optical fibre mounted on cantilevered plates (Deng and Cai, (2010). Irrespective 
of method of construction, the cantilever beam is installed in a chamber of a steel pile and fixed 
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at either a pier or abutment.  As flowing water around the pier or abutment exposes the beam 
or plate, the induced bending strain on it due to force of the flowing water is detected by the 
mounted sensors. It is the bending detected by the sensors that reveals that the rod plate or 
beam is exposed or free which invariably is the detected scour depth. Fiber – Bragg grating 
sensors have the advantage of monitoring changes in scour depth on installed piers or 
abutments over long time frame and secondly, they are less expensive (Deng and Cai, 2010; 
Prendergast and Gavin, 2014). However, it requires specialized training and susceptible to 
destruction (Wang et al, 2017). 
 
2.8.2  Evaluation/validation of scour manuals 
The various scour prediction equations that are used in codes of practice have been originally 
developed from laboratory data obtained in small-scale laboratory experiments. Most of the 
equations are conservative and do not predict scour depth like those obtained from field 
measurements for the same data set due to flume scale effects and assumed steady flow 
conditions in the laboratory, whereas in the field unsteady flow conditions are present (Melville 
and Coleman, 2000; Park et al., 2017). Some of these equations have been validated with field 
data to assess their scour predictive capabilities. The Colorado State University (CSU), also 
known as the HEC-18, a method of scour codes of practice used in the USA, was evaluated 
among other scour equations with field data in Johnson (1995) who concluded that the code 
equations overestimated scour depth by a significant factor. Mohammed et al. (2005) validated 
the HEC-18, Jain and Fisher, Lauren and Toch, and Melville and Sunderland scour models 
with field data obtained from three countries, Pakistan, India and Canada. They carried out 
statistical analyses to assess the prediction error of the scour equations. Gaudio et al. (2010) 
compared the HEC-18, Froehlich (1988), Melville (1977), Jain and Fisher (1979), Kothyari et 
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al (1992) and Breussers et al. (1977) scour equations for estimating maximum scour depth at 
circular piers using field data. They concluded that none of the six formulae predicted the field 
scour depths precisely. Their study made comparison without statistical test validation similar 
to the study of Gaudio et al. (2010). Qi et al. (2016) validated the HEC-18, Melville and two 
known Chinese equations with field data in the form of 408 field measurements and 126 
laboratory measurement data. It was found that the HEC-18 equation predicted the laboratory 
data well but the predictions for the field data were poor. The prediction performance of the 
Chinese models was found to be lower for the laboratory data but better for the field data. From 
the above, it can be seen that the HEC-18 scour assessment model used in the USA has been 
validated over time by a number of researchers and updated by Guo et al. (2012) to predict 
scour depth with reasonable accuracy. Chinese scour equations have also been validated as 
shown in the research study in Qi et al (2016). 
Further to the above, an extensive large field data validation of the HEC-18 scour model has 
been undertaken by using the United States Geological Survey (USGS) scour database 
(Landers and Mueller, 1999) which contains 380 field scour measurements obtained at different 
bridge locations across the USA. Typical examples include evaluation of scour at selected 
bridges in Indiana (Miller and Wilson, 1996), Ohio (Jackson, 1997), New Hampshire 
(Boehmler and Olimpio, 2000) among others.  
In the United Kingdom, no effort has been made to evaluate the prediction accuracy of the 
scour prediction models used in the highway (BD 97/12) and railway (EX2502) assessment 
codes compared with field data. This is partly due to the unavailability of field measurements 
carried out within the UK. This research shall evaluate the BD 97/12 scour model using the 
extensive field database available in the United States compiled through cooperation of the US 
Department of Transportation Federal Highway Administration and the US Geological Survey 
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(Landers and Mueller, 1996). This part of the work presented in Chapter (5) consists of using 
a total of 508 pier scour measurements from 92 bridges across the  US, making it one of the 
largest validation efforts of scour models with extensive field scour measurement data, one of 
the important novelties of this research. 
  
2.9 Summary 
Climate change will create a warmer atmosphere with the potential of leading into more 
frequent and intense precipitation events.  Precipitation will increase run-off and hence lead to 
more intense flooding conditions in rivers. River flow has been predicted to increase by 36% 
in the 2080s by some researchers and by 40% or 50% by others in the 2050s. Recent research 
studies demonstrated that the 20%-25% allowances that had been suggested in the past in the 
UK for the design of hydraulic structures may lead to an underestimation of peak river flows 
(Environment Agency, 2016). Therefore new guidance on river flow for eleven catchment of 
UK are available (Environment Agency, 2016; Reynard et al, 2017) of which 30%, 50% and 
105% were selected and used in analysis in this research. 
Results from research studies in the literature show that based on seasonality, river flooding 
will be more frequent in the winter. However, the results do not preclude the fact that floods 
may occur in other seasons like spring or autumn. Climate change will lead to increased 
precipitation and thus more intense river flooding leading to higher scour potential in bridges.  
Studies of bridge failures clearly show that scour is the predominant cause of bridge failure 
worldwide.  
To assess scour of bridges crossing rivers, scour equations have been developed over the past 
decades under idealised laboratory conditions. As the equations have been observed to be 
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conservative, such that they do not predict field scour accurately, the need for field measured 
scour data has become important. Over time, the predictive capabilities of a number of scour 
models, including the HEC-18 and the Chinese equations, have been evaluated. However, the 
BD 97/12 (highway) and EX2502 (railway) scour models have not been validated to assess 
their degree of accuracy in the prediction of scour at bridge piers and abutments. This is carried 
out as part of this research, as will be seen in the following chapters.  
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CHAPTER THREE 
 
RESEARCH METHODOLOGY 
3.1 Introduction 
There are a number of methodologies available worldwide for carrying out scour assessment 
of bridges and assessing their vulnerability to scour. In the US, the Hydraulic Engineering 
Circular 18 (HEC – 18) and HYRISK frameworks, developed by the US Federal Highway 
Administration are used (Tanasic et al., 2013). In the UK, three methodologies are currently in 
use for assessing scour. For highway bridges, the Design Manual for Roads and Bridges BD 
97/12 code is utilised whereas, for railway bridges, scour risk assessment is carried out through 
the EX2502 code. Furthermore, there is the CIRIA C742 ‘Manual of scour at bridges and other 
hydraulic structures’ which is a popular guidance document that is consulted in the UK for the 
purposes of scour assessment.  
In this chapter, the scour assessment procedures followed in the railway (EX2502) and highway 
(BD 97/12) codes in the UK are described in the detail and the scour models used in each code 
presented. In order to enable quick repeatability of calculations using the scour assessment 
methods, the numerical analysis programme MATLAB was used to analytically predict the 
scour depths at bridge piers and their associated risk ranking. Assessment of the effects of river 
flooding on bridge scour using climate change allowances on peak discharge as provided by 
the Environment Agency (2016) to assess the potential increase in scour risk at bridges was 
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carried out. The types of scour mainly affecting bridges are contraction scour and local scour. 
Contraction scour, as discussed in chapter 2, arises due to increase in flow velocity at bridge 
locations due to the constriction provided by the bridge geometry while local scour occurs due 
to the bridge pier(s) obstructing flow. The UK scour assessment code for railway bridges, 
EX2502, identifies that the rate of water and sediment supply, severity and frequency of flood, 
debris flow and river/bank instability all affect the depth of the scour hole at bridge abutments 
and piers. In determining scour conditions at a bridge, the highway scour assessment code, BD 
97/12, has explicitly been used to assess the priority rating of bridges due to scour at the piers. 
The predictions given by the BD 97/12 scour prediction model have also been validated, as 
presented in subsequent chapter, with field data using the MATLAB software which was also 
used to carry out statistical analysis and distribution fitting to propose modelling uncertainty 
factors that can be used to update the scour risk predictions. Although the procedure for the 
scour assessment of railway bridges is presented in this thesis, to critique its suitability to cater 
for climate change effects on scour risk, the quantitative climate change analysis has been 
carried out using the highway scour assessment code, since it is a more recently updated (2012) 
as compared to that of the railway (1993) that it is more elaborately sophisticated than the later. 
The improvement of BD97/12 with regards to contraction scour and also that sediment size is 
based on median size, makes it more sophisticated than EX2502.   
3.1.1 Assessment of scour according to UK Highway scour manual BD97/12 
The assessment of scour as contained in BD97/12 consists of two levels. Level one does not 
require detailed calculation and/or numerical analysis. This stage involve obtaining 
information with regards to foundation type and depth, river channel depth, stability or 
otherwise of river bank, instability of bridge superstructure during flood and possibility of 
scour/undermining of bridge foundation and possibility of debris blockage (Highway Agency, 
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2012). It should be noted that, as the above information is important, the most critical situations 
are when some bridges are of unknown foundation depth. In spite of using divers and coring 
methods, some foundation depths remain unknown as a result of untraceable design records for 
the bridges. For such cases, there is the provision in Highway Agency (2012:3/2) that bridges 
whose foundation depths are unknown, the following are suggested/assumed; for bridges with 
concrete superstructure a foundation of 1.0m - 3.0m should be assumed as the foundation depth 
for the unknown bridge and 0.3m - 1.0m for bridges of masonry superstructure (Highway 
Agency, 2012:3/2). As this suggestion is not definitive, experience and intuition of the Bridge 
Engineer comes into play here based on this provision. However, JBA Trust, Van Leeuwen & 
Lamb (2014) recommends a depth of 1.0m for assessment of scour for bridges of unknown 
foundations, which is based on measurements carried out on such bridges and this forms the 
basis for the minimum depth of 1.0m used in this research. 
Level 2 assessment involves detail assessment, the procedure of which is shown in Figure 3.3 
below. The scour equations required for detail assessment of scour at bridge foundations are 
presented as below: 
3.1.1.1 Flow depth and velocity of flow through the bridge 
The manual states that flow depth should be calculated from assessment discharge based on 
uniform flow through the bridge. The basic equation for flow in an open channel is as shown 
in equation 3.1: 
                                   𝑄 = 𝐴𝑉                                                                                                             3.1    
Where Q = discharge, A = area of flow which is a product of flow depth and width of the river 
channel; V = flow velocity.    From equation 3.1 this becomes                    
                                   𝑄 = 𝑌𝑛 𝑊 𝑉𝑛                                                                                                   3.2 
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Rearranging equation 3.2 and also given slope of the river channel, normal water flow depth 
through the river is obtained as provided in Highway England (2012) i.e. BD97/12 
                                      𝑌𝑛 = (
𝑄𝐴𝑛
𝑊𝑆1/2
)3/5                                                                                             3.3 
And velocity of flow through the bridge is calculated as shown below based on equation 3.1 
by making velocity the subject formula:  
                                         𝑉𝑛 = 
𝑄𝐴
𝐵𝑌𝑛
                                                                                            3.4 
Or flow depth can be obtained as below from area of flow through the river by iteration  
                                   𝐴𝑛 = (
𝑄𝐴𝑃
2/3𝑛
𝑆1/2
)3/5                                                                                    3.5 
Where for Equation 3.3, it is used when 𝑌𝑛 > 
𝐵
10
                                                               3.6 for 
wide channels and which should be obtained by iteration to get the corresponding flow depth 
at the bridge. 
Where 𝑄𝐴 = Assessment discharge in cumec or cms., n is Manning’s coefficient, B = average 
width of river channel over which bridge crosses, S is slope of the channel and 𝑌𝑛 = normal 
flow depth, 𝐴𝑛 is area of flow corresponding to normal depth and assessment discharge.  
However, where discharge due to flooding results in water level exceeding river bank, 
adjustment may be carried out for upstream flow depth and velocity as below: 
                                     𝑌𝑢 = 𝑌𝑛 −  𝛼𝑦 𝛼𝑝                                                                           3.7 
                                     𝑉𝑢 = 𝛼𝑣 𝑉𝑛                                                                                      3.8 
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Where  𝑌𝑢 and 𝑉𝑢 are flow depth and velocity upstream of bridge, 𝑌𝑛 and 𝑉𝑛 are normal flow 
depth and velocity upstream, 𝛼𝑦 and 𝛼𝑣 are coefficients depending on floodplain factors in 
Table 3.1 shown below and 𝛼𝑝 is the difference between the level of the normal depth in the 
channel and the floodplain level. 
Table 3.1  Floodplain factor coefficient accounting for floodplain flow (Source: Highway 
England (2012)) 
Floodplain factor 𝜶𝒚 𝜶𝒗 
𝐹𝑝 = 1 0.25 1.00 
1 < 𝐹𝑝 ≤ 4 0.50 0.95 
𝐹𝑝 > 1 0.70 0.90 
     
For rivers with floodplain over bank flow, floodplain factor in table 3.1 is obtained as follows. 
The floodplain in accordance to the highway assessment document require the river banks on 
either sides to be divided into three equal sectors with each about ten times the width of the 
river as shown in figure 3.1 below. The widths are estimated from the anticipated extent of 
flooding. In addition, the river banks adjacent to the bridge should be assessed in order to 
determine the difficulty or otherwise of water flowing into the main channel at the location of 
the bridge from the floodplain. This difficulty of flow into the main channel is assessed for the 
six sectors in turn. As figure 3.2 below shows, the sectors are required to be assessed based on 
density of vegetation, presence of obstructions as a result infrastructural development in the 
vicinity of the river, seasonal variations and raised grounds if any, should be based on whether 
they are open, obstructed or if very obstructed. Note that water flow from the floodplain into 
the main channel can cause more scour depth at abutments and piers near the floodplain area. 
Furthermore, vegetation and fallen wood can be source of debris which may cause significant 
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scour depths at bridge piers or abutments. Besides, vegetation cover alongside climate have 
influence in the water balance or hydrology of a catchment (Wang, Tetzlaff, & Soulsby, 2018) 
with regards to runoff and base flow which is intercepted by rivers and thus lead to high flows 
during rainfall.  
Once the floodplains on both sides of the river are classified based on the worst classification, 
the next step is the determination of floodplain factor as shown in equation 3.9 below.             
                                       𝐹𝑝 = 
𝑊𝑒𝑓𝑓,𝐿+ 𝑊𝑒𝑓𝑓,𝑅
𝐵
                                                                           3.9 
Where  𝐹𝑝 = floodplain factor, B = average width of channel,  𝑊𝑒𝑓𝑓,𝐿  is effective width left of 
floodplain and    𝑊𝑒𝑓𝑓,𝑅 is for right floodplain. The effective widths being calculated from 
Table 3.2 below; 
Table 3.2  Effective floodplain width (Source: Highway England (2012)) 
River bank classification: Open 
Partially 
obstructed 
Very 
obstructed 
Floodplain classification: 
Effective width of each floodplain (W = full width 
of the respective floodplain) 
Open 𝑊𝑒𝑓𝑓 = 𝑊 𝑊𝑒𝑓𝑓 = 0.5𝑊  𝑊𝑒𝑓𝑓 = 0.5𝑊  
Partially obstructed 𝑊𝑒𝑓𝑓 = 0.5𝑊 𝑊𝑒𝑓𝑓 = 0.5𝑊  𝑊𝑒𝑓𝑓 = 0  
Very obstructed  𝑊𝑒𝑓𝑓 = 0  𝑊𝑒𝑓𝑓 = 0  𝑊𝑒𝑓𝑓 = 0 
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Figure 3.1   Floodplain in divided sectors (Source: Highway Agency, 2012) 
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Figure 3.2   Floodplain classification (Source: Highway England, 2012) 
3.1.1.2 Flow depth, Velocity of flow and contraction scour depth at the 
bridge  
Flow depth and velocity through the bridge is based on the assumption that all the assessment 
discharge would flow through the bridge and therefore, it is recommended in the assessment 
manual that the calculation be based on Bernoulli equation as below; 
𝑌𝑢 + 
𝑉𝑢
2
2𝑔
= 𝑌𝐵 + 
(
𝑄𝐴
𝑌𝐵 𝐵𝐵
)
2
2𝑔
⁄
       (For rectangular channel)                                        3.10 
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OR  
𝑌𝑢 + 
𝑉𝑢
2
2𝑔
= 𝑌𝐵 + 
𝐴𝐵𝑌
2
2𝑔⁄    (For non – rectangular channel)                                      3.11 
Where 𝑌𝐵 = flow depth through the bridge, 𝐵𝐵 is average contracted width of channel at the 
bridge, g is acceleration due to gravity, 𝐴𝐵𝑌 is area of flow through the bridge while others are 
as defined earlier above. From Equations 3.10 and 3.11, three (3) solutions of flow depth at the 
bridge are likely where two are positive and one negative. One of the positive value, often low, 
is the supercritical flow depth and the second which is higher in value is the subcritical. The 
supercritical value gives high scour depth values at a bridge location. This tends to be the 
problem of these equations where automation in either excel or matlab or any other software, 
may, using this equation, give one value at a time. However, BD97/12 provides improvement 
above BA74/06 where it states that the flow depth ′𝑌𝐵′ should be taken as not greater than the 
critical depth for minimum energy (Highway Agency, 2012:4/9) as below; 
                  𝑌𝐵  ≤  𝑌𝐶 = (
𝑄𝐴
2
𝐵𝐵
2  𝑔
)
1/3
                                                                                     3.12 
The calculated flow depth at the bridge in the above equation(s), will result in contraction scour 
due to the accelerated flow through the bridge and it is obtained in Equation 3.12 
According to the manual for scour assessment, the area of flow consistent with constriction 
scour is given as: 
                𝐴 =  
𝑄𝐴 
𝑉𝐵,𝐶
− 𝐴𝐵𝑌                                                                                  3.13 
Where 𝐴𝐵𝑌 = area of flow through the bridge without constriction, 𝑉𝐵,𝐶 is velocity through 
the bridge that will not further cause scouring at the bridge and A is the additional are of 
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bridge opening as indicated in Figure 3.3 below: This is a major significant modification in 
BD97/12 over the previous version BA74/06 
 
Figure 3.3   Parameter for constriction scour calculation (Source: Highways England, 
2012) 
From the Figure 3.3 and Equation 3.13, average depth of constriction scour below the bed level 
is calculated to provide the additional flow across width of the channel through the bridge. The 
contraction scour is finally obtained by multiplication of the area of flow through the bridge by 
constriction scour distribution factor as shown below. 
                     𝐷 𝐶 = 𝐹𝑆 𝐷𝐶,𝑎𝑣𝑒                                                                                  3.14 
Where 𝐷 𝐶  = contraction scour depth, 𝐹𝑆 is the constriction scour distribution factor obtained 
from Table 3.3 as below and 𝐷𝐶,𝑎𝑣𝑒 is average depth of constriction scour below the channel 
bed level. 
Table 3.3  Constriction scour distribution factor (Highway England, 2018) 
Location 
Outside of 
bend 
Centre of 
channel 
Inside of 
channel 
On or downstream of sharp bend 2.0 1.25 1.0 
On or downstream of moderate bend 1.5 1.25 1.0 
On straight reach 1.25 1.25 1.25 
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3.1.1.3 Calculation of local scour depth 
The maximum local scour depth due to piers of the bridge is obtained as presented in Equation 
3.15 below; 
                               𝐷𝐿 = 𝐾 𝑊𝑃𝑓𝑃𝑆𝑓𝑃𝐴𝑓𝑦                                                                               3.15 
Where 𝐷𝐿 = maximum local scour due to the piers obstructing flow, K = 1.5, 𝑊𝑃 is width of 
pier, 𝑓𝑃𝑆 is the shape factor of the pier, 𝑓𝑃𝐴 is angle of attack factor and 𝑓𝑦 = the flow depth 
factor. Angle of attack factor is calculated using the formula in Equation 3.16  
                 𝑓𝑃𝐴 =  (cos 𝛼 +  
𝐿
𝑊𝑃𝐴
⁄ . sin 𝛼)
0.65
                                                                   3.16 
Where 𝛼 = angle of attack, 𝐿 is length of pier and 𝑊𝑃𝐴 is width of pier.  Flow depth factor is 
calculated as shown in Equation 3.17 
                          𝑓𝑦 = 0.78 (
𝑦𝑠
𝑊𝑃𝐴
⁄ )
0.225
                                                                            3.17Where 
𝑓𝑦 is the flow depth factor and  𝑦𝑠 is total water depth at the bridge. However, the manual states 
that where 
𝑦𝑠
𝑊𝑃𝐴
⁄  is greater than 2.6, 𝑓𝑦 should be taken as equal to 1. It was observed that 
flow depth factor greater than 2.6 were all live – bed scour while those less than 2.6 were clear-
water scour.   
Total scour depth is computed by addition of constriction scour depth and local scour depth. 
That is,          𝐷𝑇  =   𝐷𝐶  +  𝐷𝐿                                                                                         3.17 
Bridge Scour - Climate Change Effects and Modelling Uncertainties. 
 
  
FRIDAY THOMAS EKUJE  2018 79 
 
3.1.2 Assessment of scour according to the UK Railway Assessment code 
EX2502 
The procedure in assessing scour involves the estimation of general scour, local scour and bend 
scour, if any. The sum of these scour values provides the total scour depth. Consideration for 
bend scour depends on whether there are changes in river channel, bed level and water course 
underneath the bridge and at the abutments. 
In the assessment process to obtain the priority rating for a bridge, scour features of importance 
incorporated in the EX2502 procedure are channel constriction or flood plain, river bend, 
relative flow depth, angle of attack, pier shape, sediment size and debris blockage (if any). The 
scores due to these features are used within the calculation procedure for quantifying the 
priority rating of the bridges, as described in detail in the following sections.  
 Steps for assessment of Priority rating 
Priority rating is a value obtained by combining different scour features in order to assess the 
scour risk or condition of a bridge. Therefore, priority rating is a useful decision making tool 
for bridge managers to prioritise the criticality of bridges with respect to scour. The calculation 
process for priority rating is presented in detail below.  
The first step is to obtain river flow discharge 𝑄(𝑚
3
𝑠⁄ ) for a specific return period and update 
this discharge by applying climate change allowances. Flow depth is then obtained from 𝑄 =
𝑎𝑟𝑒𝑎 (𝐴) × 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑓 𝑓𝑙𝑜𝑤 (𝑉) or from river records, if available. In EX2502, flow depth 
can also be estimated from  
                                             𝑌𝑢 = 0.185𝑊𝑢
0.7                                                                          (3.18)                                                          
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Eq. 3.18 is an expression used for large rivers, where 𝑌𝑢 = 𝑓𝑙𝑜𝑤 𝑑𝑒𝑝𝑡ℎ 𝑖𝑛 𝑡ℎ𝑒 𝑐ℎ𝑎𝑛𝑛𝑒𝑙, 𝑊𝑢 
= 𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑟𝑖𝑣𝑒𝑟 𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑟𝑖𝑑𝑔𝑒.  
 Calculation of contraction scour  
Contraction scour is first estimated from the following ratio relationships: 
𝑌𝑜
𝑌𝑢 
,
𝑊𝑈
𝑊𝐵
 and 
𝑊𝑜
𝑊𝑢
     
where, 𝑌𝑜=𝑓𝑙𝑜𝑤 𝑑𝑒𝑝𝑡ℎ 𝑖𝑛 𝑓𝑙𝑜𝑜𝑑 𝑝𝑙𝑎𝑖𝑛, 𝑊𝑜 = 𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑓𝑙𝑜𝑜𝑑 𝑝𝑙𝑎𝑖𝑛,  
𝑊𝐵  = 𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑟𝑖𝑣𝑒𝑟 𝑎𝑡 𝑏𝑟𝑖𝑑𝑔𝑒 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛, 𝑌𝑢 = 𝑓𝑙𝑜𝑤 𝑑𝑒𝑝𝑡ℎ 𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 𝑜𝑓 𝑏𝑟𝑖𝑑𝑔𝑒,  
𝑊𝑢 = 𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑟𝑖𝑣𝑒𝑟 𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 𝑜𝑓 𝑏𝑟𝑖𝑑𝑔𝑒. 
The code states that where 
𝑌𝑜
𝑌𝑢 
 cannot be determined, it should be taken as equal to 0.3. From 
the ratio values, 
𝑑𝑔1
𝑌𝑢
 is obtained from figures 15 to 18 of the Code through interpolation; 
otherwise, Equation 3.19 below can also be used for the same purpose: 
  
𝑑𝑔1
𝑌𝑢
= [1 + 0.7(
𝑊𝑂
𝑊𝑈
) (
𝑌𝑂
𝑌𝑈
)
5/3
]
6/7
(
𝑊𝑈
𝑊𝐵
)
0.64
− 1                   (3.19)                                                               
The ratios take account of channel and flood plain constriction;  
𝑊𝑜
𝑊𝑢
 for flood plain and 
𝑊𝑢
𝑊𝐵
 for 
channel due to bridge location while  
𝑑𝑔1
𝑌𝑢
 is a general scour function. Contraction scour is then 
calculated from the non-dimensional general scour to flow depth relationship multiplied by 
flow depth as shown in Equation 3.21: 
                                        
𝑑𝑔
𝑌𝑢
 = (
𝑑𝑔
𝑌𝑢
 ×  𝑌𝑢).                                                                           (3.20)           
But,                                             
𝑑𝑔  
 𝑌𝑢
 =  {(
𝑑𝑔1
𝑌𝑢
+ 1) × 𝑏𝑒𝑑 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙(𝐵𝑀𝐺) × 𝐵𝑒𝑛𝑑(𝐵)} − 1.                                          (3.21) 
The values of scour due to bed material grading and bends are obtained as shown in table 3.4 
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Table 3.4  Bend scour and material grading (Source: RSB, 1992) 
Section Description Score (S) Calculation Result Factor 
7.3.2 Scour due to bends   0.25S + 0.25   B 
7.3.7 
Bed material 
grading   0.05S + 0.65   BMG 
  
The score for material grading is obtained from table 3.4 and 3.5 below and inserted into table 
3.6 
Table 3.5  Assessing bed material size and grading (Source: RSB, 1992) 
Description  Clay Silt Sand Gravel 
  
fine - 
medium coarse 
Particle size 
(mm)  <0.002 0.002 - 0.06 0.06 - 2.0 2.0 - 20  >20 
Tick if 
present           
                                 
The number of particle size which the bed material is composed of determines the grading and 
hence the score as given in table 3.3. As a result, the effect of sediment sizes cannot be readily 
observed compared to the Highway scour assessment code. 
Table 3.6  Score for bed material (Source: RSB, 1992) 
Number of ticks in above table Bed material grading Score 
1 Narrow 7 
2   5 
3   3 
4   2 
5 wide 1 
                                               
The value of score for the scour at bends based on the location of the pier(s) in the channel can 
be obtained from table 3.7.  The higher value of score is used in the data sheet.    
Table 3.7  Score for piers (Source: RSB, 1992) 
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Sharpness of bend Inner 1/3 of bend Central 1/3 Outer 1.3 of bend 
Straight 4 4 4 
slight 3 4 5 
moderate 2 5 6 
severe 1 6 7 
 
 Calculation of Local scour  
The variables involved in the estimation of local scour are first calculated as shown in Table 
3.8. 
Table 3.8  Product of local scour factors (Source: RSB, 1992) 
Description Scour (S) Calculation Result 
Relative flow depth   0.11S + 0.23   
Angle of attack and pier 
thickness   1.0S   
Group of columns   1.0S   
Pier nose   0.05S + 0.65   
Bed material grading   0.08S + 0.92   
Product (FL)   
 
The relative flow depth in table 3.5 is the ratio of  
𝑌𝑚
𝑊𝑝
⁄   where 𝑊𝑝 = 𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑝𝑖𝑒𝑟 𝑎𝑛𝑑 𝑌𝑚 
=𝑓𝑙𝑜𝑤 𝑑𝑒𝑝𝑡ℎ 𝑎𝑡 𝑡ℎ𝑒 𝑏𝑟𝑖𝑑𝑔𝑒 𝑖𝑛𝑐𝑙𝑢𝑑𝑖𝑛𝑔 𝑡ℎ𝑒 𝑒𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑔𝑒𝑛𝑒𝑟𝑎𝑙 𝑠𝑐𝑜𝑢𝑟.                                     
                                                  𝑌𝑚 = 𝑌𝑢 + 𝑑𝑔                                                                        (3.22) 
The score for relative flow depth is obtained from table 3.10 and entered into table 3.8 above. 
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Table 3.9  Score for relative flow depth (Source: RSB, 1992) 
𝒀𝒎
𝑾𝒑
⁄  
Score 
≤ 0.2 1 
> 0.2, ≤ 0.5 2 
> 0.5, ≤ 0.8 3 
> 0.8, ≤ 1.2 4 
> 1.2, ≤ 1.6 5 
> 1.6, ≤ 2.3 6 
> 2.3 7 
 
The Code considers that the angle of attack at high flows encountered during flood may be 
different to that at low flows in a river. This has to be observed for high flood flows and thus 
should be estimated for each flood. Pier thinness and angle of attack is evaluated, and the scores 
based on them are obtained from table 3.11. Pier thinness is estimated as the ratio of length of 
pier to width of pier, that is, pier thinness = 
𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑝𝑖𝑒𝑟
𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑝𝑖𝑒𝑟
=
𝐿𝑝
𝑊𝑝
 
Table 3.10  Score for angle of attack and pier thinness (Source: RSB, 1992) 
  Thinness 
Angle of 
attack 
(degrees) 
  1 2 4 6 8 12 16 
0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
5 1.0 1.1 1.2 1.3 1.4 1.6 1.9 
10 1.0 1.2 1.4 1.6 1.7 2.0 2.5 
20 1.0 1.4 1.8 2.0 2.2 2.7 3.5 
30 1.0 1.5 2.0 2.3 2.7 3.4 4.2 
45 1.0 1.5 2.3 2.8 3.2 4.1 5.1 
60 1.0 1.6 2.5 3.1 3.7 4.8 5.8 
 
All score values obtained are entered in table 3.8.  Local scour is then calculated as           
                                          𝑑𝑙 = 1.5 × 𝐹𝐿 × 𝑊𝑝                                                              (3.23) 
 Where 𝑑𝑙 = 𝑙𝑜𝑐𝑎𝑙 𝑠𝑐𝑜𝑢𝑟,  𝑊𝑝 =  𝑤𝑖𝑑𝑡ℎ 𝑎𝑛𝑑 𝐹𝐿 =  𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑜𝑓 𝑙𝑜𝑐𝑎𝑙 𝑠𝑐𝑜𝑢𝑟 𝑓𝑎𝑐𝑡𝑜𝑟𝑠. 
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Using EX2502, scour depth at a bridge cannot be clearly differentiated with regards to bed 
material transport, that is, between clear-water or live-bed scour conditions. However, this can 
be calculated by incorporating the influence of flow velocity from Melville and Coleman 
(2000). First, the velocity of flow (V) and the regime critical velocity (Vc) are estimated from 
the river discharge to determine these conditions and in turn determine the influence of flow 
intensity on scour at the piers.  
 Total depth of scour 
Total scour is calculated as the sum of local scour and contraction scour, as an initial value that 
will be subject to corrections. It is given by 
                                              𝑑𝑡  = 𝑑𝑙 + 𝑑𝑔                                                           (3.24)  
Where   𝑑𝑡 = 𝑇𝑜𝑡𝑎𝑙 𝑠𝑐𝑜𝑢𝑟; 𝑑𝑙 = 𝐿𝑜𝑐𝑎𝑙 𝑠𝑜𝑢𝑟;  𝑑𝑔 = 𝐶𝑜𝑛𝑠𝑡𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑠𝑐𝑜𝑢𝑟. 
The correction to be considered before a revised total scour can be obtained is known as the 
Adjustment Factor (AF).  The Adjustment factor is the difference in bed level at a cross section 
upstream of the bridge and the bed level from where the foundation depth was measured. This 
could be applied where there is adequate information from divers’ reports or information from 
monitoring equipment e.g. sonar. Where there is inadequate information, AF should be taken 
as zero. Therefore, the revised total scour becomes: 
                                                                  𝑑𝑡 = 𝑑𝑡  − 𝐴𝐹                                                          (3.25) 
Where  𝑑𝑡 = 𝐹𝑖𝑛𝑎𝑙 𝑡𝑜𝑡𝑎𝑙 𝑠𝑐𝑜𝑢𝑟; AF = Adjustment factor 
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 Assessment of scour risk 
The preliminary priority rating of a bridge can be obtained by considering foundation depth to 
assess the level of risk. For instance where total depth is at or below foundation depth it 
represents risk to bridge users. Preliminary priority rating (PPR) can be calculated from:  
                                      𝑃𝑃𝑅 = 15 + ln{( 𝑑𝑡 − 𝑑𝑓 )/𝑑𝑓 + 1}                                         (3.26) 
Where  𝑑𝑡 = 𝐹𝑖𝑛𝑎𝑙 𝑡𝑜𝑡𝑎𝑙 𝑠𝑐𝑜𝑢𝑟; 𝑑𝑓 = 𝐹𝑜𝑢𝑛𝑑𝑎𝑡𝑖𝑜𝑛 𝑑𝑒𝑝𝑡ℎ; 𝑃𝑃𝑅 = 𝑃𝑟𝑒𝑙𝑖𝑚𝑖𝑛𝑎𝑦 𝑝𝑟𝑖𝑜𝑟𝑖𝑡𝑦  
𝑅𝑎𝑡𝑖𝑛𝑔.  
Alternatively, it can also be obtained from the equation below (RSSB, 2005): 
                                   𝑃𝑃𝑅 = 15 + ln( 𝑑𝑡/𝑑𝑓)                                                    (3.27)                                   
PPR can also be obtained from figure 3.1 below. 
The Final Priority Rating (FPR) is calculated considering features which may influence risk of 
failure such as river stability or river type (TR).  River type (TR) for a river on which a bridge 
is located is   
𝑇𝑅 =
1
17
(𝑠𝑢𝑚 𝑜𝑓 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦, 𝑏𝑎𝑛𝑘 𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑎𝑛𝑑 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 𝑠𝑙𝑜𝑝𝑒).       Therefore 
Final Priority Rating = Preliminary Priority Rating – River Type.                      
             𝐹𝑃𝑅 =  𝑃𝑃𝑃 –  𝑇𝑅                                                                                             (3.28) 
The priority rating obtained is used to categorise the risk of scour according to Table 3.11. 
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Figure 3.4  Final Priority Rating versus Total scour depth (Source: RSB 1992)  
 
 Observed limitation of EX2502 
One of the limitations of EX2502, that may require improvement in terms of being able to 
respond to changes in river discharges from climate change, is in section 7.2 of the code where 
depth flow is advised to be taken as: 
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                                          𝑌𝑢 =  0.185𝑊𝑢0.7                                                                   (3.29)    
𝑊ℎ𝑒𝑟𝑒 𝑌𝑢 =  𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 𝑓𝑙𝑜𝑤 𝑑𝑒𝑝𝑡ℎ 𝑖𝑛 𝑡ℎ𝑒 𝑚𝑎𝑖𝑛 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 𝑎𝑛𝑑  
𝑊𝑢 =  𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑟𝑖𝑣𝑒𝑟 𝑐ℎ𝑎𝑛𝑛𝑒𝑙. 
As can be seen, this flow-depth relationship does not respond to changes in stream discharge 
as it is insensitive to that variable. This makes it difficult to carry out assessment of the changes 
in discharge that may be encountered under climate change. It is, therefore, advisable to 
propose a flow-depth relationship based on discharge and Manning’s equation (Hamill, 1999; 
Design Manual for Roads & Bridges, 2012) in order to make it responsive to changes in 
discharge and thus flow velocity, as presented below:       
  𝑄 =  𝐴𝑉.                                                                                                                        (3.30)    
𝑄 =  𝐴 ∗ 𝑅2/3 ∗ 𝑆1/2/𝑛 =  𝐴5/3 ∗  𝑆1/2/ 𝑃5/3  ∗  𝑛.                                                         (3.31) 
Where 𝑄 = 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 (𝑚
3
𝑠⁄ ) ; 𝐴 = 𝐶𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑖𝑣𝑒𝑟 𝑐ℎ𝑎𝑛𝑛𝑒𝑙; 𝑉 =
𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑓 𝑓𝑙𝑜𝑤 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑡ℎ𝑒 𝑐ℎ𝑎𝑛𝑛𝑒𝑙; 𝑆 = 𝐶ℎ𝑎𝑛𝑛𝑒𝑙 𝑠𝑙𝑜𝑝𝑒; 𝑛 = 𝑀𝑎𝑛𝑛𝑖𝑛𝑔′𝑠 𝑛𝑢𝑚𝑏𝑒𝑟; 
𝑃 = 𝑊𝑒𝑡𝑡𝑒𝑑 𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑐ℎ𝑎𝑛𝑛𝑒𝑙; 𝑅 = 𝐻𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 𝑟𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑐ℎ𝑎𝑛𝑛𝑒𝑙. 
The normal flow depth is obtained from Eq. 3.31 by iteration. The problem associated with the 
flow depth recommended in the railway code as a function of channel width is that it will not 
respond to future changes in river discharge as anticipated due to climate change. Therefore, 
to enable suitability of the EX2502 code in capturing changes in scour risk of bridges due to 
climate change, an equation for flow depth incorporating discharge, channel slope and 
Manning’s number is proposed here, as shown by Equation 3.31, similar to that used in CIRIA 
C742 and BD 97/12. 
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A second limitation of the railway code is that it is not based on flow velocity and does not 
consider the influence of flow intensity on local scour (i.e. ratio of velocity due to discharge to 
critical velocity (𝑉/𝑉𝑐). Hence it cannot be used to calculate critical discharge based on critical 
velocity at which local scour is maximum and also it cannot determine if scour is in clear-water 
or live-bed condition.  
 The role of scour equations in asset management 
It has been earlier stated that EX2502 is a risk assessment manual that sets the procedure for 
assessing bridges at risk of scour of flooding (JBA, 2014; RSB, 1992). General (𝑑𝑔)and local 
scour (𝑑𝑙) equations sum up to give total scour (𝑑𝑡) which forms the baseline for assigning 
preliminary priority rating (𝑃𝑃𝑅), followed by final priority rating (FPR) after modifying for 
river type and bank stability. The Priority rating obtained from the total scour is then used to 
categorise the risk of scour as shown in Table 3.11 below. 
    Table 3.11 Final Priority Rating categorisation 
Priority Rating Category Priority 
> 17 1 High 
16 – 17 2 High 
15 – 16 3 Medium 
14 – 15 4 Medium 
13 – 14 5 Low 
< 13 6 Low 
 
Priority rating is a decision-making tool for measuring impact or optimising performance 
(Edgeman et al., 2015). Climate change may subject bridges to risk of failure because of scour 
and flood (RSSB, 2004). The change in the priority rating score/categorisation arising from 
climate change would provide understanding as to future impact or performance rating of a 
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bridge. Actions to be taken with respect to high, medium and low risk priorities are documented 
in EX2502. 
Prioritisation enable asset managers decide on further actions to be taken based on the level of 
risk a structure may be subjected. A high priority category bridge means it is at high risk of 
failure due to scour and needs to be placed under observation in order to ensure safety (RSB, 
1992). This category requires detail monitoring with instruments to measure scour depths 
during flood events. Medium priority rated bridges are of marginal risk but need to be under 
regular inspection and bed level measurements taken during and after floods to ensure that they 
remain at the marginal safety level. Action for bridges with low priority rating is occasional 
bed level measurement during floods and inspection. Further to these, Final priority rating 
provides a hierarchy of actions to be taken based on risk level and, thus, can be used to prioritise 
mitigation actions or options or adopting scour reduction measures to improve flow conditions 
(JBA, 2014). 
3.1.3 Design Manual for Roads and Bridges: BD 97/12 
Within Highways England (2012), The Design Manual for Roads and Bridges, also known as 
BD 97/12, is used for the assessment of scour for Road/Highway bridges in the UK.  This is 
the second reviewed manual after the first, BD 74/06 which has been archived/withdrawn. 
DMRB (2012) contains two levels of scour assessment; Level 1 takes account of inspection 
with regards to stability of the river, robustness of the bridge structure when subjected to 
flooding. Section 3.9 of the manual itemises the factors to consider during Level 1 inspection 
as being the possibility of scour affecting the foundation during flood, the likelihood of channel 
bank erosion, the channel, blockage of flow from debris and instability of the bridge 
superstructure due to flood and scouring of the bridge foundations. Risk potentials identified 
at this level determines whether a second level of scour assessment is required. 
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Level 2 is a detailed assessment of scour, which entails determining peak discharge from which 
flow depth and velocity of flow are calculated and finally the risk rating of the bridge is 
determined from estimating explicitly local and constriction scours. The entire procedure 
followed in BD 97/12 was used in this study. The schematic procedure used in MATLAB for 
the numerical analysis is shown in Figure 3.3. BD 97/12 considers accounting for climate 
change by suggesting to add an additional 20% on the determined assessment flow discharge, 
as mentioned in Section 4.8 of the code. However, as discussed in chapter 2, the allowance for 
climate change effects on peak river discharges have been updated (Environment Agency, 
2016) and these have been used in this research. 
3.2 Analysis framework of scour assessment in MATLAB 
The numerical tool MATLAB was used to estimate scour depths and risk, following the step-
by-step procedure given in BD 97/12. A structured flowchart of the BD 97/12 assessment 
procedure is shown in Figure 3.6. The advantage of using MATLAB is to allow very quick 
repeatability of calculations, favouring consideration of a large number of different scenarios. 
It is also easy with MATLAB to solve equations that may require iterations, as these can be 
carried out very quickly within the software. The above are modelled in MATLAB by looping 
using ‘for loop’, ‘if loop’ and ‘nested loop’. For-loop executes a block of assigned statements 
repeatedly for a specified number of times (Chapman, 2013). Nested loops are used for looping 
large ranges of discharge, width of pier, sediment sizes and channel widths resulting in the 
calculation of ranges of scour depths and scour priority ratings for different initial condition 
scenarios.   
The BD 97/12 consists of a series of equations most of which have conditions. Such equations 
were modelled in MATLAB using the “if construct”, which control the order in which 
statements will be executed by branching and looping as coded.   
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If construct is a branching statement which permits the ‘selection and execution of specific 
sections of a code while skipping some sections of the code’ (Chapman, 2013). Typically, if 
construct is flexible such that it can have if statement and an end clause, as illustrated above, 
as well as have a number of ‘elseif’ statements. These combinations made it possible to 
implement the BD97/12 in MATLAB as it allowed desired branching, especially as the manual 
consists of a number of conditions which must be satisfied, such as, for example, the depth 
flow factor, among others. In addition, “if constructs” were nested by looping some parameters 
such as discharge, flow depth, contracted channel width, contracted flow depth at the bridge, 
competent velocity and local scour. “If construct” is said to consist of a nested loop when one 
“if construct” is within another in a single code block. 
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Figure 3.5 Schematic procedure for Level 2 assessment of scour (Source: Highway 
Agency, 2012) 
 
A flowchart showing how the detailed BD 97/12 detailed scour assessment procedure has been 
modelled in MATLAB is shown in Figure 3.6. 
 
Bridge at risk of scour 
Determine discharge  
Calculate flow depth and flow 
velocity due to discharge assessed 
above 
Calculate scour depth as a result 
of the flow discharge 
Obtain Relative scour depth with 
regards to total scour depth in 
comparison to depth of foundation 
DR= DT/DF  
 
 
Calculate 
scour risk 
rating 
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Calculate contraction 
scour 
BB = W – (Wp * Np) 
Obtain Energy level 
Calculate Vs (competent velocity) from the obtained Yb. 
(Vs (I,j,k,l)) & (Yb (I,j,k)) obtained for the length of sediment 
size being iterated. 
Start 
Initial and boundary 
conditions (i.e flow, channel 
& bridge geometry and 
sediment data) 
J=size of Q, 
I= size of W 
Compute flow depth (Yn) 
and flow velocity (Vn) 
K=size of Wp, with j and i, 
obtain BB (contraction width) 
& Energy level 
Obtain energy levels. E1 (I,j)=(Vu^2)/(2*9.81) 
& E2(I,j,k,ii) =Yb 
+((Q(i)/(Yb*BB(I,j,k))^2/(2*9.81). 
    Get Yb  if E1 = E2 for ii = iteration. 
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Figure 3.6 Schematic flowchart for MATLAB analysis of BD 97/12 scour assessment 
procedure. 
3.3 Assessment of priority ratings for prioritisation of bridges 
Scour depths obtained from MATLAB analyses were compared with foundation depths to 
ascertain the vulnerability of the bridges to scour damage (Highway Agency, 2012) in the form 
of the relative scour of the bridges. Relative scour depth is a ratio of total depth (DT) to 
foundation depth (DF) given as: 
                                                   𝐷𝑅 =  𝐷𝑇 𝐷𝐹⁄                                                                  3.32                                                 
 
Obtain local scour 
& scour risk 
Obtain contraction scour: 1) Ys = Q/ (Vs*BB); 
2) A=Q/ (Vs – (BB*Yb)), A =Area contraction flow; 
3) Dcav = A/BB, Dcav = Average contraction scour depth; 
4) Dc = Fs * Dcav, Fs =Distribution factor  
  
DL = 1.5Wp*Fpa*Fps*Fy. 
Obtain scour risk (SPR) from DR=DT/DF;  
(DT= DC +DL), DF = Depth of Foundation. 
SPR = Scour priority rating 
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The relative scour depth obtained for each bridge, matched against its priority factor determines 
the priority rating for the bridge. The following parameters are considered towards obtaining 
the priority factor (PF):  
 History of scour;  
 Foundation type and bed material on which the bridge is/was built; 
 River type with regards to terrain; 
 Bridge importance based on traffic volume and class of the road on which it is 
constructed (Highway Agency, 2012).  
Therefore, the priority factor (PF) is a product of factors accounting for the above parameters. 
These factors are determined as shown below: 
Foundation type (F);  
 F = 0.75 for bridge foundation built on piles.  
 F = 1.0 for spread footing 
Foundation material (M); 
 M = 1.0 for granular bed material e.g. sand, silt, gravel, boulder. 
 M = 0.75 for clay bed material. 
 M = 0.5 for bed material with clay or rock underneath. 
History of scour problem (H); 
 H = 1.5 for bridge with known history of scour problem 
 H =1.0 for bridge without history of scour problem. 
River type (TR); 
 TR = 1.5 for mountainous terrain. 
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 TR = 1.3 for upland terrain 
 TR = 1.2 for hilly terrain 
 TR = 1.0 for lowland and estuary.  
The river type, considered in the Highway Advice Note, is for capturing reasons of instability 
and scour associated with some river channels. Bridges on such channels as well as steep 
mountains and upland rivers have high TR factors.  
Volume of traffic (V); A high traffic factor indicates the importance of a bridge in terms of the 
route on which it is built and the severity of disruption that may be caused by closure of the 
bridge due to scour damage. The traffic factors are determined as follows:   
 V = 1.0 for a motorway or A road with traffic volume greater than 30,000 in a 12-hour 
traffic flow. 
 V = 0.9 for a motorway or A road with traffic volume greater from 10,000 – 29,999 in 
a 12-hour traffic flow. 
 V = 0.8 for A or B classed road with traffic volume greater from 1,000 –9,999 in a 12-
hour traffic flow. 
 V = 0.7 for a BX classed road with traffic volume less than 1,000 in a 12-hour traffic 
flow. 
A combination all the above factors results in a number of priority factors shown in Table 3.12 
which in combination with relative scour depth determines the scour priority rating of the 
bridge. The priority rating factors for assessing risk of scour for any bridge are tabulated as 
shown in Table 3.13.  
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3.4 Sensitivity analysis of scour 
Sensitivity analysis is a simulation analysis in which important quantitative assumptions and 
computations underlying a decision or estimate are changed systematically to assess their effect 
on the final outcome. It is used to evaluate overall risk or in identifying critical factors. 
Sensitivity analysis is defined by Pannell (1997) and Pianosi et al. (2016) as the investigation 
of potential changes in parameters and their impacts on conclusions to be taken or drawn from 
a model. According to Pannell (1997), it can support decision-making in terms of assessing 
risk, comparing values, developing recommendations, identification of sensitive/important 
variables, identification of critical values and testing the robustness of a model.  
Sensitivity analysis has been performed on a number of scour models in the past. Guadio et al. 
(2013) conducted a sensitivity analysis on six scour models based on flow depth, slope of river 
channel and median sediment sizes in which they found that the model predictions exhibit 
different sensitivities to the input variables. In comparison to field observed scour values, they 
concluded that all the six equations, i.e.  HEC – 18, Melville, Jain & Fischer, Kothyari, Breusers 
et al and Freohlich equations, over predicted scour depth as compared to the field scour 
measurements. However, the HEC – 18 and Froehlich equations were found to provide better 
estimates than the other four equations. For the comparison they carried out with laboratory 
data, they paired the equations but were not paired in turn to make reasonable conclusions on 
which of the equation was better than the others. Therefore, the field observed comparison is 
seen to be a better excise than the paired comparison. However, for validation of scour 
assessment equations, field observed scour data has been said to be appropriate (Landers and 
Mueller, 1999). Ahmad, Melville, Mohammad, & Suif, (2018) also evaluated pier scour of 
wide piers using field data. They, also in their findings, observed that HEC – 18, Sheppard et 
al as well as Jones and Sheppard equations over estimated scour depth. In this study, the 
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sensitivity analysis takes into account discharge (i.e. flow characteristics), sediment size, width 
of river channel and angle of attack. This is done in MATLAB through the use of arrays in 
which series of values of the variables are specified stating the first and last value in the range 
to be investigated and the step increment to be considered to vary each variable. The results 
from the sensitivity analysis are presented in Chapter 4. 
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Table 3.12    Priority factor assessed from prioritisation parameters.  
Foundation 
type (F) 
Scour 
history 
(H) 
Bed 
material 
type (M) 
River type 
(TR) 
Traffic volume (V) Priority 
factor (PF) 
Remark 
1.0 1.0 1.0 1.0 1.0 1.00 Alluvial/Lowland/no-history 
1.0 1.0 1.0 1.0 0.8 0.80 Alluvial/Lowland/no-history 
1.0 1.0 1.0 1.0 0.9 0.90 Alluvial/Lowland/no-history 
1.0 1.0 1.0 1.0 0.7 0.70 Alluvial/Lowland/no-history 
1.0 1.5 1.0 1.0 1.0 1.50 Alluvial/Lowland/history 
1.0 1.5 1.0 1.0 0.8 1.20 Alluvial/Lowland/history 
1.0 1.5 1.0 1.0 0.9 1.35 Alluvial/Lowland/history 
1.0 1.5 1.0 1.0 0.7 1.05 Alluvial/Lowland/history 
1.0 1.0 1.0 1.2 1.0 1.20 Alluvial/Hilly/no-history 
1.0 1.0 1.0 1.2 0.8 0.96 Alluvial/Hilly/no-history 
1.0 1.0 1.0 1.2 0.9 1.08 Alluvial/Hilly/no-history 
1.0 1.0 1.0 1.0 0.7 0.84 Alluvial/Hilly/no-history 
1.0 1.5 1.0 1.2 1.0 1.80 Alluvial/Hilly/history 
1.0 1.5 1.0 1.2 0.8 1.44 Alluvial/Hilly/history 
1.0 1.5 1.0 1.2 0.9 1.62 Alluvial/Hilly/history 
1.0 1.5 1.0 1.2 0.7 1.26 Alluvial/Hilly/history 
1.0 1.0 1.0 1.5 1.0 1.50 Alluvial/Mountainous/no-history 
1.0 1.0 1.0 1.5 0.9 1.35 Alluvial/Mountainous/no-history 
1.0 1.0 1.0 1.5 0.8 1.20 Alluvial/Mountainous/no-history 
1.0 1.0 1.0 1.5 0.7 1.05 Alluvial/Mountainous/no-history 
1.0 1.5 1.0 1.5 1.0 2.25 Alluvial/Mountainous/history 
1.0 1.5 1.0 1.5 0.9 2.025 Alluvial/Mountainous/history 
1.0 1.5 1.0 1.5 0.8 1.800 Alluvial/Mountainous/history 
1.0 1.5 1.0 1.5 0.7 1.575 Alluvial/Mountainous/history 
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Table 3.14 
Table 3.13  Priority rating obtained from scour assessment 
Priority Rating Priority 
1 High 
2 High 
3 Medium 
4 Low 
5 Low 
 
3.5 Statistical analysis of scour 
In parallel to the assessment of the climate change effects on scour risk, the scour models used 
in BD 97/12 have also been validated with field data obtained from a US database with a large 
number of scour measurements. Statistical analyses to determine the prediction errors of the 
scour models, as compared to the field data, as well as probability distribution fitting to the 
available data have been carried out.  The types of statistical analyses carried out followed the 
works of Mohamed et al. (2005), Azamathulla et al. (2010), Melville et al. (2014), Min, Lee, 
Jun, & Kim, (2017) and Uyumaz and Yelegen (2016), determining the Root Mean Square Error 
(RMSE), Mean Absolute Error (MAE), Theil’s coefficient (𝑢) and coefficient of determination 
(𝑅2)  to determine the performance of the scour models of the BD 97/12 assessment code for 
highway bridges with regards to pier shape, sediment cohesion and bed sediment transport 
condition.  The statistical test equations are presented below: 
                        𝑅2 = (
∑(𝑦𝑠,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑−?̅?𝑠,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑)(𝑦𝑠,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑−?̅?𝑠,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑)  
∑(𝑦𝑠,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑−?̅?𝑠,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑)
2
∑(𝑦𝑠,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑−?̅?𝑠,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑)
2)
2
                          (3.33)  
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where, 𝑦𝑠,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 = 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑠𝑐𝑜𝑢𝑟 𝑑𝑒𝑝𝑡ℎ; ?̅?𝑠,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 =
𝑚𝑒𝑎𝑛 𝑜𝑓 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑠𝑐𝑜𝑢𝑟𝑑𝑒𝑝𝑡ℎ;  𝑦𝑠,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 = 𝑝𝑟𝑒𝑑𝑒𝑐𝑡𝑒𝑑 𝑠𝑐𝑜𝑢𝑟 𝑑𝑒𝑝𝑡ℎ; ?̅?𝑠,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑  =
𝑚𝑒𝑎𝑛 𝑜𝑓 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑠𝑐𝑜𝑢𝑟 𝑑𝑒𝑝𝑡ℎ;  𝑅2 = 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛.     
                                         MAPE =∑ [
(
(𝑦𝑠,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑−𝑦𝑠,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑)
𝑦𝑠,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑
)
𝑛
] × 100𝑛𝑖=𝑛                          (3.34) 
where MAPE = Mean absolute percentage error 
                                         𝑀𝐴𝐸 = 
∑ [𝑦𝑠,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑−𝑦𝑠,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑]
𝑛
𝑖=1
𝑛
                                            (3.35) 
𝑊ℎ𝑒𝑟𝑒 𝑀𝐴𝐸 =  𝑚𝑒𝑎𝑛 𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑒𝑟𝑟𝑜𝑟; 𝑦𝑠,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 = 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑠𝑐𝑜𝑢𝑟 𝑑𝑒𝑝𝑡ℎ;  
𝑦𝑠,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 = 𝑝𝑟𝑒𝑑𝑒𝑐𝑡𝑒𝑑 𝑠𝑐𝑜𝑢𝑟 𝑑𝑒𝑝𝑡ℎ; 𝑛 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛. 
                                        𝑅𝑀𝑆𝐸 =  (
∑ [𝑦𝑠,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑−𝑦𝑠,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑]
𝑛
𝑖=1
𝑛
2
)
1/2
                               (3.36)       
𝑊ℎ𝑒𝑟𝑒 𝑅𝑀𝑆𝐸 =  𝑟𝑜𝑜𝑡 𝑚𝑒𝑎𝑛 𝑠𝑞𝑢𝑎𝑟𝑒𝑑 𝑒𝑟𝑟𝑜𝑟. 
                                    𝑢 =  
[1/𝑁[∑ (𝑦𝑠,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑−𝑦𝑠,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑)
2𝑛
𝑖=1 ]]
1/2
[1/𝑁∑ (𝑦𝑠,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑)
2𝑛
𝑖=1 ]
1/2 +[1/𝑁[∑ 𝑦𝑠,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑
2𝑛
𝑖=1 ]]
1/2   
                   (3.36) 
𝑊ℎ𝑒𝑟𝑒 𝑢 =  𝑇ℎ𝑒𝑖𝑙’𝑠 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡;    𝑦𝑠,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑
2 = 𝑠𝑞𝑢𝑎𝑟𝑒 𝑜𝑓 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑠𝑐𝑜𝑢𝑟 𝑑𝑒𝑝𝑡ℎ.       
The mean squared error (MSE) is an accuracy measure computed by squaring the individual 
error for each item in a data set and then finding the average or mean value of the sum of those 
squares.  On the other hand, Root Mean Square Error (RMSE) is a frequently used measure of 
the differences between values predicted by a model and the values actually observed. RMSE 
is a good measure of accuracy and defined as the square root of the MSE. The MAPE measure 
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is less sensitive to outlier distortions and allows for a direct comparison between different 
forecasting methods. MAE is a quantity used to measure how close predictions are to the actual 
measurements. The smaller the error values between the predicted scour and the field observed 
scour (equations 3.33 to 3.35), the more successful prediction it is of the measured scour by 
the highway scour equation; which is similarly observed in (Yeleğen & Uyumaz, 2016; Min et 
al., 2017; Ahmad et al., 2018). Theil’s coefficient is an accuracy measure that emphasises the 
importance of large errors; U=0 for a model of perfect prediction and U=1 for an unreliable 
model. Therefore, the closer U is to 0 the closer the predicted scour depths from the code scour 
model are to the measured field data. This has been used to determine how better Highway 
scour assessment manual predicted field scour for live-bed scour condition than clear water 
scour condition which is consistent with Landers and Mueller (1999), and furthermore, there 
near accuracy performance is also confirmed for live – bed scour condition with Theil’s 
coefficient closer to zero (0) while its coefficient of determination (r) is higher being towards 
(1) than clear water scour condition as discussed in chapter 5. This formed the basis for 
deciding performances for pier type which is consistent with Mohamed et al (2005).  
All the statistical tests mentioned above are used in model evaluation by providing measure of 
accuracy of values between the predicted and field observed but they, however, tend to have 
their demerits. It has been argued that Mean Absolute Error (MAE) is a better estimator of 
average error than Root Mean Square Error (RMSE) which is misleading (Willmott & 
Matsuura, 2005). Further to that, MAE is less sensitive to large errors (i.e. deviations). Some 
researchers argue in favour of RMSE. Chai & Draxler, (2014) stated that although MAE is 
preferred by many researchers, RMSE is not ambiguous as it can measure performance if data 
is of Gaussian distribution. RMSE may give high weight to errors. Mean Absolute Percentage 
Error (MAPE) is more frequently used for valuation than other statistical performance tests 
(Kim & Kim, 2016). Inspite of this, Kim and Kim (2016) expressed its disadvantages as being 
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unstable albeit large errors if the values of the predicted to the observed are small, give 
undifined or infinite values if there are extreme zero errors. In addition, it is biased as it selects 
predictions that are low when used to measure accuracy of performance (Tofallis, 2015). 
However, Chai and Draxler advised that model evaluation should not be limited to MAE and 
RMSE but that a combination of statistical test metrics should be used. Given Chai and 
Draxler’s position, and like many researchers, a combination of performance evaluation 
statistics were used in this study and coefficient of determination, mean square error and root 
mean square error and Theil’s coefficient gave consistent performance evaluation results 
(compared to mean absolute percentage error and mean absolute error) as presented in Chapter 
5. Note that low values of MAE, RMSE, MSE and MAPE indicates better fit while higher 
values of coefficient of determination means a good fit.  
3.5.1. Probabilistic distributions 
Probability distribution is an equation or statement of a function associating events with its 
probability (Mendenhall and Sincich, 2007). In engineering, models developed are associated 
with uncertainties resulting from the parameters of the model. Probability distributions are 
helpful in modelling the uncertainties in the models and to predict the probability or to forecast 
the frequency of occurrence of the magnitude of the model in a certain interval.  A number of 
probability distributions are available for this purpose, including Normal, Lognormal, Gamma, 
Weibull, Exponential, Extreme, Raleigh, and Generalised Extreme Value (GEV) distributions; 
some of which were used in the validation of the BD 97/12 against the field measurements, 
presented in Chapter 5. 
3.5.2. Distribution fitting 
In order to model uncertainty inherent in the scour assessment formulae, the result or data is 
fitted to the distribution. Each distribution is described by a number of parameters such as 
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location parameter represented with (𝜇), scale parameter (𝜎) 𝑜𝑟 (𝜆) and shape parameter 
(𝜂) 𝑜𝑟 (𝛾). These parameters are inbuilt in MATLAB, which offers the opportunity to 
determine them based on a fitted distribution assumption to some data. The probability 
distributions are further described by probability distribution functions, cumulative distribution 
functions and probability plots as presented in chapter 5.  
3.5.3. Goodness – of – fit test  
Goodness – of – fit test assists towards testing if data fitted to a probability distribution is 
acceptable. Common types of goodness – of – fit tests are Chi – square, Kolmogorov – 
Smirnov, Anderson – Darling and Shapiro – Wilk tests. In this study, the Kolmogorov – 
Smirnov test was used to determine which the probability distributions fitted to the scour ratio 
between the predicted and the field scour. This involves determining a critical K – S value and 
comparing it with the highest distance between an Empirical Cumulative Distribution Function 
(ECDF), determined from the actual dataset, and the Normal Cumulative Distribution Function 
of a cumulative distribution function fitted to the data, as shown in Figure 3.7 below. The fit 
can be judged as a good fit when the highest distance between the two curves is less than the 
K – S critical value at 95% confidence level. For 95% confidence, the K – S critical value is 
defined as below: 
                                                  K – S critical = (
1.36
√𝑛
)                                                     (3.37)  
where n = number of sampled data. 
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Figure 3.7 Lognormal CDF showing highest distance between Normal CDF and ECDF 
 
3.6 Summary 
This chapter presented the methodologies for scour assessment of highway and railway bridges 
in the UK. Parametric sensitivity analysis performed in MATLAB offers possibility of 
automating the scour assessment procedure and being able to carry out a large number of 
analysis with various input parameters. There are similarities between the scour assessment 
procedure used between the highway and the railway codes. However, a few main differences 
exist between them. The railway code scour model is insensitive to changes in flow depth while 
the highway scour model is sensitive to changes in flow discharge. The highway assessment 
code takes into account differences in sediment sizes, angles of attack and channel widths. On 
the other hand, in the railway code, sediment size is accounted for by whether it is wide or 
narrow based on the count of the sizes contained in the distribution in the river channel to which 
 Highest D 
ECDF 
Normal CDF 
Bridge Scour - Climate Change Effects and Modelling Uncertainties. 
 
  
FRIDAY THOMAS EKUJE  2018 106 
 
a multiplying score is obtained. This makes the railway scour assessment document not to 
respond to changes in sediment sizes when used in parametric studies. In the highway equation, 
the median size (𝑑50) is used, which is also commonly used in other scour assessment 
documents such as CIRIA C742 and HEC – 18. This makes the Highway scour assessment 
manual to be more robust and sophisticated than its railway counterpart. The methodology 
followed to compare the BD 97/12 scour predictions with available field scour data, through 
statistical analysis and distribution fitting was also described.  
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CHAPTER FOUR 
 
CLIMATE CHANGE EFFECTS ON 
SCOUR RISK 
 Introduction 
In this chapter the scour risk assessment carried out by using the BD 97/12 code and MATLAB 
is presented. The data used, assumptions made and the results obtained are presented and 
discussed in detail. The results presented in this chapter include the effects of climate change, 
using climate change factors applied on river discharges, on scour risk for different scenarios. 
The change factors suggested by the Environment Agency (2016) were selected to account for 
the uncertainty associated with climate change and emission scenarios considered in 
developing the percent change factors. The selected change factors applied in this study are 
30%, 50% and 105% based on medium emission scenarios and for 2020s, 2050s and 2080s 
respectively. The results from the sensitivity analysis to determine the most influential scour 
factors on the assessment of scour risk are also presented in this chapter. The factors that are 
analysed include angle of attack, sediment size, pier shape, width and length; and flow depth. 
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 Local depth scour factors 
 Angle of attack 
Ettema et al. (2011) and Melville and Coleman (2000) explicitly noted that for all different 
shapes of piers except circular piers, angle of attack is an influential factor which affects scour 
depth. The depth of local scour at bridge piers increases as the angle of attack increases due to 
increases in the effective frontal width of the piers to the flow (Ettema et al., 2011). The effect 
of this angle of attack is accounted for in all scour assessment codes internationally. 
Particularly, for cylindrical piers, the principal consideration in determining scour depth is the 
non-dimensional ratio of its length to width known as pier thinness, matched against angle of 
attack to obtain a multiplying factor as shown previously in Table 3.7 for the railway scour 
equation EX2502. Laursen and Toch (1956) emphasized the significance of pier alignment 
with approach flow (i.e. angle of attack) in the development of local scour depth. In Highway 
Agency (2012), Melville and Coleman (2000) and May et al. (2002), the angle of attack factor 
is calculated from an empirical expression as shown below:   
                              𝑓
𝑃𝐴= (cos𝛼+
𝐿
𝑊𝑝
sin𝛼)
0.65
                          
                                               (4.1) 
where 𝑓𝑃𝐴   𝑖𝑠 the angle of attack factor, L is the length of pier, 𝑊𝑝  is the width of pier while 𝛼 
is the flow angle to the centre line of the pier by the approach flowing water. There exists 
uncertainty with regards to angle of attack during floods which is a parameter that may not be 
easily determined. It is recognised in EX2502 that angle of attack at high flows encountered 
during flood may be different to that at low flows in a river. Therefore, this is a parameter that 
must be observed during high flood flows and thus should be estimated for more reliable 
predictions. The angle of attack has already been observed and measured in the database of 
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field scour measurements of the United States Geological Survey (USGS) Bridge Database 
Measurement of Scour (BDMS), due to different angles of attack at bridges for different peak 
discharge. This database is extensively discussed in Landers and Mueller (1996).  
Consequently, it is important that bridge owners and the research community should take note 
of this uncertainty parameter affecting the prediction of bridge scour at piers. Ahmad et al. 
(2017) carried out a study on long skewed bridge piers under clear – water conditions. They 
concluded that high scour depths were obtained at high angles of attack than at lower skew 
angles which confirmed the earlier study of Laursen and Toch (1956). There have been bridge 
collapses during floods in the past that have been related to the angle of attack at which flood 
water in a river flows relative to the piers (Ahmad et al. 2017). 
 Contraction ratio 
The channel opening ratio effect on scour depth is due to the piers in the river channel 
obstructing or interfering with the approaching water flow. Hamill (1999) expressed it as “a 
measure of the severity of constriction at a bridge”. Channel opening ratio, also known as 
contraction ratio, and has the same meaning but mathematically, are expressed differently 
(Hamill, 1999). 
The channel opening ratio is defined as 
                                               𝑀 =  𝑞/𝑄                                                                            (4.2) 
where q = flow intensity (𝑚2/𝑠) and Q = discharge(𝑚
3
𝑠⁄ ).   From Eqn. 4.2, a channel with 
constriction ratio of 1 indicates that it has no constriction which implies that water flows 
without obstruction. On the other hand, the contraction ratio denoted as CR is given as: 
                                             𝐶𝑅 =  1 – (𝐵𝐵/𝑊)                                                                (4.3) 
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where 𝐶𝑅 = contraction ratio, 𝐵𝐵 = contracted channel width, i.e. the width of the channel less 
pier width(s) and 𝑊 = channel width.  From Eqn. 4.3, a CR of 0 means flow is unobstructed 
through the bridge while a CR of 1 indicates very high obstructed flow; CR varies anywhere 
between 0 to 1. Equation 4.3 is used to determine contraction ratio in section 4.9 later in the 
report. Laursen (1952) in Liu, Chang and Skinner (1961) pointed that scour depths at bridges 
due to constriction depends on the length of the obstruction and the depth of flow. Liu et al. 
(1961), citing Ahmad (1953), stated that scour depth is influenced by flow intensity and 
contraction ratio at a bridge which best describes equation 4.2. Liu at al. (1961)’s study was on 
the effect of bridge constriction on scour which is appropriate with equation 4.3. The choice of 
equation 4.3 above 4.2 is that it defines constriction at a bridge with regards to piers of the 
bridge within the water channel relative to the channel width, which is the cause of contraction 
scour due to accelerated flow resulting from it. However, the choice of using any of the opening 
ratio, as shown in equation 4.1 and 4.2, is not subjective but dependent on the bridge 
engineer/designer. 
 Sediment size 
There exist two views on the influence of sediment size on scour depth. On the one hand, 
sediment size is said to have no effect on maximum scour depth at a bridge (Laursen and Toch, 
1956; Ahmad, 1953). On the other hand, Melville (1992), Gill (1972) and Garde et al. (1961) 
state that sediment size influences the maximum scour depth which occurs at bridge piers. 
According to Laursen (1960) and Barbhuiya and Dey (2004), sediment size influences 
maximum scour depth at bridge foundations when the sediments transported are in suspension, 
that is, under clear-water conditions. The result obtained from this research with regards to 
influence of sediment size on maximum scour depth conforms with Melville and Gill. It has 
been observed that scour depth differs with different sediment sizes and greater for fine 
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sediments because of the faster rate of sediment transport caused by the flow velocity in 
comparison to coarse sediments (Barbhuriya and Dey, 2004; Garde et al., 1961; Gill, 1972).  
The results of analyses carried for sediment sizes, scour of smaller sediments from bridge 
foundations is higher than the larger sizes and thus consistent with Barbhurya and Dey (2004). 
Further to the forgoing observations, the field scour field measurement database of USGS 
shows that sediment delivered into river channels results in different bed sediment size 
distributions for each high flood flow. This could also lead to further sources of uncertainties 
associated with prediction of bridge scour.                                                                     
 Results and discussion 
4.3.1 The data     
The bridge pier scour data were generated by using the developed MATLAB code based on 
scenarios of river geometries, defined by the channel width, channel slope, Manning’s number 
and sediment sizes, as well as scenarios of bridge geometries, defined by pier width, pier shape, 
foundation depth and angle of attack of the river flow to the piers were all used. According to 
Melville and Coleman (2000), bridge geometry is significant in the assessment of local scour 
at bridge piers. The input data used within the analyses that have been carried out was defined 
so that the results generated capture a wide range of different combinations of river-bridge 
configurations to study the influence of the parameters mentioned in section 4.2 above and 
climate change on scour risk.   
The analyses were produced for three main categories of rivers, depending on the inputs 
parameters, that is bridges spanning over narrow, intermediate width and wide river channels. 
The number of realisations of the MATLAB code resulted in producing scour depth data 
numbers equal to 18,000 for wide channels, 15,000 for intermediate width channels and 9,000 
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for narrow channels, each for round, rectangular and sharp piers as summarised in Table 4.1. 
The results were produced for angles of attack of 0, 15, 30 and 60 degrees whereas the 
foundation depths investigated were equal to 1.0m, 1.25m, 1.50m and 1.75m for each main 
type of channels. The reason the foundation depth range considered starts from a minimum 
value of 1.0m is the fact that there is a large number of existing bridges in the UK with unknown 
foundations; RSSB (2004) recommends assuming a foundation depth equal to 1.0m in such 
cases when carrying out scour assessments. Narrow channels as used in this research are rivers 
which has channel widths of 50 – 150 metres while wide river channels are those whose 
channels widths range from 200 – 2000 metres and between 150 to 200 metres for intermediate 
channels. The choice of these widths followed the descriptions in USGSS Geological bridge 
scour database.  
The proportion of the scour depth for each of the channel within all the results produced is 
presented in Figure 4.1 where it can be seen that wide channels constitute 43% of the produced 
data while intermediate and narrow channels constitute 36% and 21% of the total data 
respectively. 
Table 4.1  River channels for which pier scour depths were generated 
         Channel type consisting generated scour data  
Narrow channel  Intermediate channel   Wide channels 
9000 15000 18000 
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Figure 4.1 Proportion of scour depth data obtained from the analyses for different 
channel types. 
The bed material size (𝑑50) considered in the analysis consisted of a range between 5-75mm 
for all three channel types while the channel widths were varied between 30-50m for narrow 
channels, 50-70m for the intermediate, 120-240m for wide channels. The results obtained are 
based on a priority factor of 0.8 assuming a no-scour-history for the bridges.  
Statistical information about the generated pier scour depth data for wide channels, showing a 
breakdown with regards to contraction scour, local scour and relative scour depths, are 
presented in Tables 4.2 for the different pier types. It is evident from the tables that rectangular 
piers result have relatively higher scour depths due to the large obstruction they create to the 
flow of the water. 
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Table 4.2 Statistical information of scour depth results (in meters) basedon pier types 
for wide channels 
  Contraction scour Local scour Relative scour depth 
Round piers 
Mean  2.67 3.84 6.51 
Variance  3.56 2.43 2.58 
 
Rectangular 
piers 
Mean  2.62 4.85 7.47 
Variance  3.42 3.45 7.74 
 
Sharp piers 
Mean  2.65 3.07 5.72 
Variance  3.43 1.55 5.44 
 
Table 4.3 and Figure 4.2 show the distribution of the bridge risk ratings (scour priority rating) 
obtained from the analyses for the different types of pier for the case of wide channels. 
Rectangular shaped piers have greater number on the highest risk rating (SPR 1) where 2,776 
are of Scour Priority Ranking of 1 while round piers have 1,639. Sharp piers a relatively lower 
number in the highest risk rating category. Rectangular piers have the least number of piers on 
the low risk category, as expected.   
Table 4.3 Sour Risk Ranking for various pier types in wide river channels 
Scour priority rating (SPR)  Rectangular Round Sharp 
1   2,776   1,639   969 
2 11,644 10,745 8,934 
3  3,107  4,749 6,681 
4   473   866 1,413 
5       0     1      3 
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Figure 4.2 Distribution of risk ratings obtained from the analyses for different pier types 
for bridges over wide channels. 
The statistics on the scour depths obtained from the analyses carried out on intermediate width 
channels are shown in Tables 4.4, for the different pier shapes. Comparing these statistics with 
the ones obtained previously for the case of wide channels, it can be seen that the scour depths 
obtained are significantly higher. This is related to a higher proportion of bridges falling into 
the highest risk categories, as compared to the narrow and wide channels categories, as shown 
in Table 4.5 and Figure 4.3 below. This demonstrates that bridges on intermediate width 
channels (50-70m) subjected to high initial flows could be at significant risk.  
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Table 4.4 Statistical information of scour depth results (in meters) for different piers for 
intermediate width channels 
   Contraction scour Local scour Relative scour depth 
Round piers 
Mean 8.65 3.97 13.58 
Variance 44.34 2.72 49.7 
 
Rectangular 
piers 
Mean 8.63 4.95 13.58 
Variance 44.16 3.59 50.57 
 
Sharp  piers 
Mean 8.67 3.17 11.84 
Variance 44.02 1.74 47.81 
 
Table 4.5 Sour Risk Ranking for various pier types on intermediate width channels 
Scour priority 
rating (SPR) 
Rectangular Round Sharp 
1 9,636 8,679 7,898 
2 4,318 4,655 4,869 
3 878 1,359 1,752 
4 168 306 477 
5   0     1    4 
 
 
Figure 4.3 Distribution of risk ratings obtained from the analyses for different pier types 
for bridges over intermediate width channels. 
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Similar to the previous channel categories, Tables 4.6 summarise the statistics obtained from 
the analyses for the case of narrow channels. As can be seen, the scour depth and the variances 
are slightly lower as compared to the case of wide width channels. The distribution of the scour 
risk ratings for narrow channels, presented in Table 4.7 and Figure 4.4, show that most of the 
bridge ratings are on SPR 2 and 3 for all the pier types.  
Table 4.6 Statistical information of scour depth results (in meters) for round, 
rectangular and sharp piers in narrow channels 
   Contraction scour Local scour Relative scour depth 
Round piers 
Mean 1.83 3.68 5.51 
Variance 1.86 2.17 4.75 
     
Rectangular piers 
Mean 1.8 4.65 6.45 
Variance 1.79 3.17 5.18 
     
Sharp piers 
Mean 1.8 2.94 4.75 
Variance 1.79 1.39 3.8 
 
 
Table 4.7 Sour Risk Ranking for various pier types on narrow channels 
Scour priority rating (SPR) Rectangular Round Sharp 
1  647   318 146 
2 5,618 4,566 3,189 
3 2,201 3,168 4,168 
4  530   934 1,468 
5     3    14 29 
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Figure 4.4 Distribution of risk ratings obtained from the analyses for different pier types 
for bridges over narrow channels. 
The results obtained in terms of the scour depths have also been categorised by bed material 
transport conditions, that is, clear-water or live-bed conditions. In BA 74/06, bed material 
transport is identified as an important aspect in the scouring processes occurring at a bridge. 
The successor of BA 74/06, BD 97/12, does not consider if a scour process being assessed is 
clear-water or live-bed scour. This is because it is customarily assumed that “scouring often is 
greatest at high flood flows” which invariably would be in live-bed condition (DMRB, 2006). 
However, in this study, conditions of both clear-water and live-bed scour conditions have been 
simulated to assess which conditions would be more critical with respect to the effects of 
climate change. Clear-water versus live-bed conditions can be identified from the depth flow 
factor used in the calculation of local scour depth at bridge piers. The flow depth factor is given 
as: 
                                𝑓𝑦 = 0.78 (
𝑦𝑠𝑝
𝑊𝑝
)
0.255
                                                                      (4.4)  
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where 𝑦𝑠𝑝 = constriction water depth at the bridge, 𝑊𝑝 = width of pier and 𝑓𝑦 = flow depth 
factor. The scour Advice Notes states that if 
𝑦𝑠𝑝
𝑊𝑝
 ≥  2.6, 𝑓𝑦 should be taken as equal to 1. The 
comparison of the code scour predictions with the field data, which will be presented in chapter 
5, have revealed that all depth flow factors exceeding 1.0 were coincidentally live-bed scour 
conditions while flow factors less than 1.0 were of clear-water scour conditions. Therefore, for 
BD 97/12, the critical scour depth occurs at a depth factor of 1.0. In Melville and Coleman 
(2000), live-bed scour commences when ratio of velocity of flow to critical velocity equates to 
1.0 similar to the depth factor used in the Highway scour equation mentioned above. The 
proportion of clear-water and live-bed conditions for wide, intermediate width and narrow 
channel rivers contained within the generated analysis data are presented in Table 4.8.  
Table 4.8 Proportion of river bed material transport condition for different channels 
Bed material transport 
                  Clear-water                 Live-bed 
Wide channels       22,562                   31,438 
Intermediate channels         6,005                   38,995 
Narrow channels       17,056                     9,944 
  
As can be seen from Table 4.8 above, the majority of the narrow channel conditions are clear-
water whereas the majority of the intermediate channel cases are live-bed; in wide 
channels they are roughly equally distributed between the two cases. Therefore, the 
characteristics of the scour depths in the analysed data is such that some have the local 
scour depths being at maximum, under live-bed conditions, in which cases contraction 
scour is likely to contribute to increasing the relative scour depth under increasing river 
discharges due to climate change. This can be seen in Table 4.9 and Figure 4.5 below. 
On the contrary, where the local scour has not attained its maximum depth yet, which 
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is under clear-water conditions, both local scour and contraction scour contribute to the 
risk of the bridge as they are both likely to increase with  increasing discharge as Table 
4.10 and Figure 4.6 below shows. The implication is that as climate change would cause 
increased discharge in rivers, contraction scour would contribute more greatly to the 
risk of scour on top of local scour. At higher peak discharges, scour is often under live 
– bed conditions. At lower flows, especially encountered during rising and falling 
discharges, when it is under clear – water condition, contraction scour lead to scour risk 
more than local scour. This is important to bridge managers as they can assist them to 
differentiate between which of scour could be of concern during and after each high 
flows on channels on which there bridges are crossing. 
 
Figure 4.5 Showing local scour not at maximum. 
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Table 4.9 Contraction, live-bed and relative scour depths showing local scour as clear-water. 
Discharge Channel 
width 
(m) 
Width of pier 
(m) 
Sediment 
size 
(mm) 
Contraction 
Scour 
(m) 
Local 
scour 
(m) 
Relative 
scour 
depth 
Scour 
Priority 
Rating 
Transport 
condition 
Pier 
shape 
DF Skew 
(deg) 
200 50 2.1 55 0.76 5.43 6.19 2 Clear-water round 1 60 
200 50 2.1 60 0.70 5.40 6.10 2 Clear-water round 1 60 
200 50 2.1 65 0.64 5.37 6.01 2 Clear-water round 1 60 
200 50 2.1 70 0.59 5.34 5.93 2 Clear-water round 1 60 
200 50 2.1 75 0.54 5.31 5.85 2 Clear-water round 1 60 
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Table 4.10 Contraction, live-bed and relative scour depths showing local scour at maximum. 
Discharge Channel 
width (m) 
Width of 
pier (m) 
Sediment 
size (mm) 
Contract. 
Scour (m) 
Local 
scour (m) 
Relative 
scour depth 
Scour 
Priority 
Rating 
Transport 
condition 
Pier 
shape 
DF Skew 
(deg) 
200 40 0.5 55 0.82 2.91 3.73 3 live-bed round 1 30 
200 40 0.5 60 0.77 2.91 3.68 3 live-bed round 1 30 
200 40 0.5 65 0.73 2.91 3.65 3 live-bed round 1 30 
200 40 0.5 70 0.70 2.91 3.61 3 live-bed round 1 30 
200 40 0.5 75 0.67 2.91 3.58 3 live-bed round 1 30 
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Figure 4.6 Local scour at maximum depth of flow factor 
4.3.2 Statistical distribution of the results 
Results of the study presented in this chapter shall be discussed for different channel types, pier 
types, and foundation depths of 1.0m, 1.25m, 1.50m and 1.75m. The results consist of 9,000 
scour data of round, sharp and rectangular piers and the range of foundation depths mentioned 
above for narrow channels at angles of attack of 0, 15, 30 and 60 degrees. Intermediate channels 
and wide channels consist of 15,000 and 18,000 scour data results respectively for the different 
pier types, foundation depths and angles of attack similar to narrow channels.  
4.3.3 Wide channel results  
4.3.3.1 Round piers  
The results in terms of the number of bridges falling within different scour risk ratings obtained 
from the analyses carried out on round piers located in wide channels are shown in Table 4.11 
and Figure 4.7. The results are shown for four discharge values, including the original discharge 
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together with the increased discharges capturing climate change effects considering the climate 
change factors discussed before (30%, 50% and 105% accounting for the different climate 
change emission scenarios).  The number of bridges at the initial discharge  Q=1000 cubic 
metres per second (cms) falling into the different scour risk categories are as follows: scour 
priority rating (SPR) 1 constitutes 1.639 bridges; 10,745 bridges on risk rating of 2; SPR 3 
consists of 4,749 while SPR 4 of 866 bridges.  Considering the effects of climate change, it can 
be seen in Table 4.11 and Figure 4.7 that the number of high risk bridges (SPR=1) progressively 
increases as the initial discharge is increased by multiplying the discharge with the percentage 
climate change factors. For a 30% increase in Q (i.e. 1300cms), the number of bridges falling 
within the SPR 1 category increases from 1,639 to 2,814 in number whereas the number of 
bridges in the SPR 2 category increases from 10,745 to 11,263. There is a reduction in the 
number of bridges in the SPR 3 and 4 categories since the risk ranking of the bridges in these 
two categories moves to one higher level due to the effect of climate change. Further increase 
in the river discharge (50% and 105%) can be seen to progressively shift more bridges into the 
higher risk ratings. Therefore, it is evident that BD 97/12 can capture the effects of climate 
change on scour risk. 
Table 4.11 Distribution of scour priority ratings for round bridge piers in wide channels 
considering a 1.0m foundation depth (DF). 
Scour Priority Rating for round piers in wide channels (DF = 1.0m) 
 
SPR     Q 30% of Q 50% of Q 105% of Q 
No of SPR 1 1   1,639 2,814 3,723 6,353 
No of SPR 2 2 10,745 11,263    11,167      10,017 
No of SPR 3 3   4,749  3,466 2,814 1,541 
No of SPR 4 4     866    457  296    89 
No of SPR 5 5  1       0      0     0 
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Figure 4.7 Distribution of scour priority ratings for round bridge piers in wide channels 
considering a 1.0m foundation depth (DF). 
Table 4.12 and Figure 4.8 show, similarly to the previous cases, the distribution of the scour 
risk ratings for a foundation depth equal to 1.75m this time. The number of bridges falling on 
the higher scour priority ratings can be seen to be considerably lower for this higher foundation 
depth, as compared to DF=1.0m shown above. The significant effect of the foundation depth 
on scour risk is evident, showing that even for a small change in DF from 1.0m to 1.75m, the 
change in the risk distribution was found to be considerable. Similar results have also been 
obtained for foundation depths of 1.25m and 1.50m for all the channel types and also for 
different pier types and these are shown later in the chapter.  
 
 
 
 
0
2000
4000
6000
8000
10000
12000
1 2 3 4 5
C
o
u
n
t 
Scour priority rating (SPR)
SPR for round piers (wide channels), DF=1.0m
Q (1000cms)
30%Q (1300cms)
50%Q (1500cms)
105%Q (2050cms)
Bridge Scour - Climate Change Effects and Modelling Uncertainties. 
 
  
FRIDAY THOMAS EKUJE  2018 126 
 
Table 4.12 Scour risk rating for round piers of wide channel bridges and foundation 
depth of 1.75m 
Scour Priority Rating for round piers in wide channels (DF = 1.75m) 
 
SPR  Q 30% of Q 50% of Q 105% of Q 
No of SPR 1 1 20 102 203 662 
No of SPR 2 2 2,738 4,286 5,335 7,919 
No of SPR 3 3 9,514 9,597 9,275 7,741 
No of SPR 4 4 5,666 4,004 3,184 1,678 
No of SPR 5 5 62 11 3 0 
 
Figure 4.8 Distribution of scour priority ratings for round bridge piers in wide channels 
considering a 1.75m foundation depth (DF). 
Figure 4.9 below presents the scour priority ratings for round piers of bridges on wide channels, 
for the case of depth of foundation of 1.0m and priority factor of 0.8. This figure is a 
representation of the figure in BD 97/12 which is used to determine the risk priority rating for 
a bridge at the end of a scour assessment. The boundaries that define where the risk priority 
ratings change from one category to another is as shown with the curves in dotted lines.  All 
the results obtained from the analyses for the different discharges and combinations of 
parameters with regards to width of channel, sediment size and angle of attack are shown in 
the figure; this is in the form of the vertical line which contains all 18,000 scour depth results 
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obtained from the analyses. The minimum relative scour depths for each of the discharge 
category (i.e. Q, 30% of Q, 50% of Q and 105% of Q) are indicated on the figures. For the 
initial discharge “Q”, the minimum value of DR obtained is 0.9561 corresponding to the lowest 
risk rating of 5. The 30% of Q has a minimum DR value of 1.5240 equivalent to SPR of 4 while 
50% of Q has a minimum DR of 1.8116 also equivalent to SPR 4 and 2.0759 for 105% of Q. 
The distributions of the scour depth results (18,000 in total) for the four discharge values are 
shown in Figure 4.11 where the progressive increase in scour depths brought about due to 
increasing discharges which evidently reflects.  
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Figure 4.9 Scour priority rating plot for round piers of wide channels 
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Figure 4.10  Distribution of relative scour depth for round pier bridges on wide 
channels (a) for initial discharge “Q”; (b) for 30% of initial discharge Q; (c) for 50% 
of initial discharge; (d) for 105% of initial discharge Q. DF=1.0, Priority Factor=0.8. 
Sediment transport scour conditions for bridges with round piers are shown in Figure 4.11. At 
the initial discharge Q, clear – water scour was found to form an important proportion of the 
cases analysed (7,506 out of 18,000) which means that the sediments were in suspension and 
bed material transport had not taken place. As discharge increases due to the effects of climate 
change, the proportion of clear – water scour significantly decreased resulting in live-bed scour 
conditions being prevalent for higher discharges. Increased discharge results in increased 
velocity and therefore flowing water has available erosive power to transport bed sediment of 
the river channels over which bridges cross.  
 
Figure 4.11  Distribution of sediment transport condition for round bridge piers on wide 
channels. 
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Bridges under clear – water scour conditions need to be frequently inspected after floods as the 
scour hole at the foundations of such bridges may not re-fill with any sediment from up stream.  
This could lead to progressive development of scour at bridge foundations under consecutive 
floods which may not be necessarily of extremely high discharge. On the other hand, in cases 
of successive floods, bridges that are under live – bed scour conditions may experience some 
backfilling of the scour hole when the flood recedes but the sediments around the foundation 
may not consolidate fully which may result in the next flood re-initiating the scour hole in a 
much easier manner. These are also possibilities where the scour depth is of significant 
magnitude such that the downward flow vortices forming around the foundation are no longer 
of adequate power to lift sediments anymore or where the sediment has armoured as is the case 
for uniformly distributed bed sediment. However, it is often challenging to capture with 
certainty the conditions of sediment transport in a river during floods, as stressed by Landers 
and Mueller (1999) due to the risk to both personnel and instruments due to turbulence, 
transported debris and turbidity of the flowing water caused by suspended particles. 
4.3.3.2 Rectangular piers  
Figure 4.12 presents the distribution of the scour risk ratings for the case of rectangular piers 
in wide channels, for different foundation depths of 1.0m, 1.25m, 1.50m and 1.75m. A total of 
18,000 scenarios with different combinations of the variables, have been analysed. For the 1.0m 
foundation depth, a high number of the piers fall into the high risk ratings 1 and 2. The number 
of SPR 1 bridges increase significantly when climate change factor are applied to the 
discharges. For the 105% Q, the number of SPR1 bridges for DF=1.0 is found to increase 
threefold with the remaining categories (2, 3, 4 reducing in number overall) whereas for 
DF=1.75 the increase in SPR1 bridges is almost tenfold, combined with a large increase in the 
number of SPR2 bridges as well. 
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Figure 4.12   Distribution of scour risk rankings for rectangular piers in wide channels 
for foundation depths of (a) 1.0m (b) 1.25m (c) 1.50m and (d) 1.75m.  
0
3000
6000
9000
12000
1 2 3 4 5 1 2 3 4 5
C
o
u
n
t
Q 30% of Q 50% of Q 105% of Q
(a) (b)
0
3000
6000
9000
12000
1 2 3 4 5 1 2 3 4 5
C
o
u
n
t
Q 30% of Q 50% of Q 105% of Q
(c) (d)
Bridge Scour - Climate Change Effects and Modelling Uncertainties. 
 
  
FRIDAY THOMAS EKUJE  2018 134 
 
 
 
  
0
4
8
12
16
20
0 0.4 0.8 1.2 1.6 2 2.4 2.8
R
el
at
iv
e 
sc
o
u
r 
d
ep
th
Priority factor
Scour risk rating for rectangular piers on wide channels for Q
1
2
3
4
5
0
4
8
12
16
20
0 0.4 0.8 1.2 1.6 2 2.4 2.8
R
el
at
iv
e 
sc
o
u
r 
d
ep
th
Priority factor
Scour risk rating for rectangular piers on wide channels for 
30% of Q
1
2
3
4
Bridge Scour - Climate Change Effects and Modelling Uncertainties. 
 
  
FRIDAY THOMAS EKUJE  2018 135 
 
 
 
Figure 4.13  Typical Scour priority rating plot for rectangular piers of wide channels 
based on (a) initial discharge, (b) 30% of Q, (c) 50% of Q and  (d) 105% of Q 
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The distribution of the sediment transport conditions for bridges with rectangular piers are 
shown in Figure 4.14. As can be seen, the effect of climate change is to increase the proportion 
of live-bed cases from approximately 58% under Q to 91% under 105% Q.  
    
Figure 4.14   Distribution of sediment transport conditions for rectangular bridge piers 
on wide channels 
 
7537
5035 3787
1590
10463
12965 14213
16410
0
5000
10000
15000
20000
Q 30% of Q 50% of Q 105% of Q
C
o
u
n
t
Discharge 
Clear - water Live - bed
Bridge Scour - Climate Change Effects and Modelling Uncertainties. 
 
  
FRIDAY THOMAS EKUJE  2018 137 
 
4.3.3.3 Sharp piers 
Figure 4.15 shows the distribution of scour risk ratings for bridges with sharp piers on wide 
channels, for the four foundations depths. Bridges of 1.0m foundation depths have 969 on risk 
rating (SPR) 1 at the initial discharge ‘Q’ and 8,934 on SPR 2. As discharge increases to 30% 
of Q from Q, bridges on SPR 1 and SPR2 increase to 1,913 and 10,284, respectively. Similarly, 
for 50% of Q, the high scour priority ratings can be seen to increase to 2,608 on SPR 1 and 
10,728 on SPR 2 while, for the case of 105% of Q, there are 4,873 on SPR 1 and 10,645 on 
SPR 2. For the SPR3 and SPR4 categories, it can be seen that climate change has the effect of 
reducing the number of bridges in these categories as more shift towards the next higher risk 
ratings.    
The effect of the foundation depth of the risk ratings can be seen to be significant from Figure 
4.15, showing a reduced number of bridges on high risk ratings as the foundation depth 
becomes higher, as expected. For instance, for bridges with foundation depth of 1.25m, 253 of 
them fall within SPR 1 for Q; 678 for 30% of Q; 1.046 for 50% of Q and 2,335 for 105% of 
Q. The number of bridges on SPR 1 for 1.25m foundation depth is close to six times more than 
the number of bridges for 1.5m foundation depth. The number on the high ratings reduces 
further considering the 1.75m foundation depth being about six times less than those of 1.5m 
foundation depth. 
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Figure 4.15  Number of bridges with sharp piers on different priority ratings for different 
foundation depths. 
 
Figure 4.16 shows plots of the priority ratings obtained from the analyses for sharp bridge piers 
for a foundation depth of 1.0m. The results are plotted together with the boundaries between 
the different priority ratings.  The lower values of scour depths obtained can be seen to increase 
with increasing discharge. At the initial discharge Q, the minimum relative scour depth is 0.84. 
0
3000
6000
9000
12000
1 2 3 4 5 1 2 3 4 5
C
o
u
n
t
Scour priority rating
Number of bridges on differnt priority ratings for 1.0m and 
1.25m foundation depth
Q
 30% of Q
50% of Q
105% of Q
0
2000
4000
6000
8000
10000
1 2 3 4 5 1 2 3 4 5
C
o
u
n
t
Scour priority rating
Number of sharp pier-bridges on diferrent pririty ratings for 
1.50m and 1.75m foundation depths
Q
 30% of Q
50% of Q
105% of Q
Bridge Scour - Climate Change Effects and Modelling Uncertainties. 
 
  
FRIDAY THOMAS EKUJE  2018 139 
 
This is further reduced for foundation depths of 1.25m, 1.50m and 1.75m to 0.64, 0.54 and 0.46 
respectively, as progressively more bridge cases shift to higher risk ranking levels.   
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Figure 4.16  Scour priority rating plot for sharp piers of wide channels based on initial 
discharge Q, 30% of Q, 50% of Q and 105% of Q at 1.0m foundation depth. 
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discharge from a proportion of 42% under Q to 9% under 105% of Q. This is comparable with 
the previous type of piers, i.e. rectangular and round.    
 
Figure 4.17  Distribution of sediment transport conditions for sharp pier bridges in wide 
channels. 
Table 4.14 below shows the distributive ranges of the scour depths for sharp piers on wide 
channels for 1.0m, 1.25m, 1.50m and 1.75m foundation depths. The relative scour depths for 
the different foundation depths increases as discharge increases. For instance, relative scour 
depth(DR) ranges for the 18,000 bridges analysed for the 1.0m foundation depth at initial 
discharge of Q are 0.81 – 19.76; for 30% of Q the DR are 1.37 – 22.36 while for 50% and 
105% of Q, the DR ranged 1.59 – 23.83 and 1.93 – 28.58 respectively. However, the relative 
scour depth reduces with deeper foundations as can be seen from the table. Therefore, 
considering 1.75m foundation depth in relation to the 1.0m foundation, the ranges for the 
relative scour depth at the initial discharge Q, is 0.46 – 11.26; for the 30% of Q, it is 0.92 – 
5.98 while for 50% of Q, DR is 0.91 – 13.61 and finally 1.10 – 16.33 for 105% of Q. 
Comparison between the 1.0m and 1.75m foundation reveals that the values of the 
corresponding discharges for the 1.75m deep foundation is approximately half (lesser) than the 
1.0m foundation. Therefore, since scour risk is determined by relative scour depth, it follows 
that the deeper the foundation the lesser the risk rating for bridges that have such foundation 
depths.
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Table 4.13 Relative scour depth of sharp pier- bridges of different foundation depths over wide channels 
Discharge 
Relative scour 
depth Count 
Foundation 
depth (m) 
Priority 
factor Discharge 
Relative 
scour depth Count 
Foundation 
depth (m) 
Priority 
factor 
Q 0.81 - 3.61 2008 1.0 0.8 50% of Q 1.59 - 4.49 3010 1.0 0.8 
 3.62 - 5.34  6989 1.0 0.8  4.50 - 6.56 5991 1.0 0.8 
 5.35 - 7.72 6008 1.0 0.8  6.57 - 9.70 5999 1.0 0.8 
 7.73 - 19.76 2995 1.0 0.8  9.71 - 23.83 3000 1.0 0.8 
 0.64 - 2.89 3019 1.25 0.8  1.27 - 3.59 3008 1.25 0.8 
 2.90 - 4.27 5975 1.25 0.8  3.60 - 5.25 6002 1.25 0.8 
 4.28 - 6.17 6002 1.25 0.8  5.26 - 7.76 5990 1.25 0.8 
 6.18 - 15.81 3004 1.25 0.8  7.77 - 19.06 3000 1.25 0.8 
 0.54 - 2.41 2981 1.50 0.8  1.06 - 2.57 3006 1.50 0.8 
 2.42 - 3.56 6022 1.50 0.8  3.00 - 4.38 6028 1.50 0.8 
 3.57 - 5.14 5992 1.50 0.8  4.39 - 6.47 5970 1.50 0.8 
 5.15 - 13.18 3005 1.50 0.8  6.48 - 15.88 2996 1.50 0.8 
 0.46 - 2.06 3003 1.75 0.8  0.91 - 2.57 3046 1.75 0.8 
 2.07 - 3.05 5996 1.75 0.8  2.58 - 3.48 5988 1.75 0.8 
 3.06 - 4.41 6008 1.75 0.8  3.49 - 5.11 5971 1.75 0.8 
 4.42 - 11.29 2993 1.75 0.8  5.12 - 13.61 2995 1.75 0.8 
30% of Q 1.37 - 4.15 3012 1.0 0.8 105% of Q 1.93 - 5.36  3014 1.0 0.8 
 4.16 - 6.09 6005 1.0 0.8  5.37 - 7.84 6000 1.0 0.8 
 6.10 - 8.95 5992 1.0 0.8  7.85 - 11.76 5984 1.0 0.8 
 8.96 - 22.36 2991 1.0 0.8  11.77 - 28.58 3002 1.0 0.8 
 1.10 - 3.32 3015 1.25 0.8  1.54 - 4.28 2995 1.25 0.8 
 3.33 - 4.87 5994 1.25 0.8  4.29 - 6.27 6017 1.25 0.8 
 4.88 - 7.16 6000 1.25 0.8  6.28 - 9.41 5990 1.25 0.8 
 7.17 - 17.89 2991 1.25 0.8  9.42 - 22.87 2998 1.25 0.8 
 0.92 - 2.77 3028 1.50 0.8  1.28 - 3.57  3009 1.50 0.8 
 2.78 - 4.06 6002 1.50 0.8  3.58 - 5.22 5986 1.50 0.8 
 4.07 - 5.98 6004 1.50 0.8  5.23 - 7.84 6007 1.50 0.8 
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 5.99 - 14.91 2966 1.50 0.8  7.85 - 19.06 2998 1.50 0.8 
 0.79 - 2.37 3015 1.75 0.8  1.10 - 3.06 3011 1.75 0.8 
 2.38 - 3.48 6019 1.75 0.8  3.07 - 4.48 6010 1.75 0.8 
 3.49 - 5.11 5971 1.75 0.8  4.49 - 6.72 5981 1.75 0.8 
 5.12 - 12.78 2995 1.75 0.8  6.73 - 16.33 2998 1.75 0.8 
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4.3.4 Narrow channels 
4.3.4.1 Round piers  
Table 4.15 shows the mean and variance of contraction, local scour and relative scour depths 
for round bridge piers in narrow channels for different foundation depths (1.0m, 1.25m, 1.50m 
and 1.75m) and for the different climate change discharges. A total of 9,000 different 
combinations of variables were analysed to create different scenarios. The contraction scour 
depth at the initial discharge ‘Q’, has a mean of 1.83m with a variance of 1.86m while local 
scour depth has a variance of 2.17m and a mean of 3.82m. Here it can be seen that the 
contribution of local scour depth towards the total scour is much higher as compared to 
contraction scour. An increase of the discharge to 30% of Q can be seen to have a more 
pronounced effect on contraction scour rather than local scour. The mean value of the 
contraction scour increases by 32%, as compared to its Q counterpart, and the variance also 
increases significantly. On the other hand, the increase of Q can be seen to have a smaller effect 
on the local scour statistics, the mean value increasing by 4% only, as compared to the case of 
Q, with a small increase in the variance as well. Increasing further the Q values to 50% and 
105% Q, continues to have a larger effect on the contraction scour than on local scour. For the 
case of the 105% Q, it can be seen that the mean value of the contraction scour has almost 
doubled, compared to the case of the initial Q, whereas the mean of the local scour has 
increased by only 6%. The variance of the contraction scour can be seen to be more sensitive 
to the effects of climate change as compared to its local scour counterpart. These differences 
can be more clearly observed in Figure 4.18 which presents the comparisons in graphical form. 
The results obtained demonstrate that with climate change leading to increased river flows, 
contraction scour requires attention by bridge owners and managers as it can be sensitive to 
increasing discharges. This is because as the bridge may be constricted by the presence of piers 
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in the river channel, the accelerated flow at the bridge will result in much more greater removal 
of sediment. Local scour can also be sensitive to increases in discharges, but most likely under 
clear-water conditions rather than live-bed conditions.   
Table 4.14 Scour depth statistics for round pier bridges in narrow channels 
Q 
 
Contraction 
scour (m) 
Local 
scour (m) 
DR (DF = 
1.0m) 
DR (DF 
= 1.25m) 
DR (DF = 
1.50m) 
DR (DF = 
1.75m) 
Mean 1.83 3.68 5.51 4.41 3.68 3.15 
Variance 1.86 2.17 4.75 3.04 2.11 1.55 
30% of Q 
 
Contraction 
scour (m) 
Local 
scour (m) 
DR (DF = 
1.0m) 
DR (DF 
= 1.25m) 
DR (DF = 
1.50m) 
DR (DF = 
1.75m) 
Mean 2.41  3.82  6.23  4.98 4.15 3.56 
Variance 3.11 2.37 6.14 3.93 2.73 2.01 
50% of Q 
 
Contraction 
scour (m) 
Local 
scour (m) 
DR (DF = 
1.0m) 
DR (DF 
= 1.25m) 
DR (DF = 
1.50m) 
DR (DF = 
1.75m) 
Mean 2.79          3.87  6.66  4.95 4.12 3.54 
Variance 4.12 2.47 7.20 5.64 3.91 2.88 
105% of Q 
 
Contraction 
scour (m) 
Local 
scour (m) 
DR (DF = 
1.0m) 
DR (DF 
= 1.25m) 
DR (DF = 
1.50m) 
DR (DF = 
1.75m) 
Mean 3.61  3.90  7.51  6.00 5.00 4.29 
Variance 5.45 2.43 8.79 5.63 3.91 2.87 
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Figure 4.18  Mean of scour depths for round piers of bridges over narrow channels 
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Table 4.16 and Figure 4.19 show the distribution of the number of bridges falling within 
different scour risk rating categories. The table reveals very high proportion of the bridges on 
the high scour ratings of 1 & 2 at the 30%, 50% and 105% of Q.  At 50% and 105% of initial 
discharge ‘Q’, the percentage of bridges on SPR 3 and 4 drastically reduce due to shifting of 
the ratings to higher ones. From Table 4.16 it can be seen that the number of bridges on SPR 1 
at 105% of Q are approximately 5 times (1,489, 16.54%) more than at the initial discharge Q 
(318, 3.53%) while they are about 3 times higher in number for 50% of Q than those of Q. 
These results show the effect of climate change can be quite significant in terms of increasing 
the scour priority rating of this type of case analysed.  
Table 4.15 Distribution of scour priority ratings (SPR) for round piers in narrow 
channels. 
SPR Q 30% of Q 50% of Q 105% of Q 
1 318 (3.53%) 630 (7.0%) 897 (9.96%) 1,489 (16.54%) 
2 4,566 (50.73%) 5,304 (58.93%) 5,508 (61.20%) 5,705 (63.38%) 
3 3,168 (35.20%) 2,470 (27.40%) 2,147 (23.85%) 1,601 (17.75%) 
4 934 (10.37%) 595 (6.61%) 448 (4.49%) 205 (2.27%) 
5 14 (0.15%) 1 (0.01%) 0 0 
Total 9,000 9,000 9,000 9,000 
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Figure 4.19 1 Number of bridges with round piers on different priority ratings for 
narrow channels 
 
The number of scour depths caused by clear – water sediment conditions, as compared to live 
– bed conditions is presented in Figure 4.20. A clear shift from clear-water dominating 
conditions at Q towards live-bed dominating conditions at 105% Q is evident in the figure. As 
more bridges are initially under clear-water conditions (63%), their local scour depths are 
expected to be affected by increasing discharges due to climate change. Progressively, the 
number of clear-water conditions reduces, reaching a total of 21% at a discharge of 105% of 
Q, owing to the increased discharges and contraction scour is expected to be affected much 
more than local scour which may have reached to a peak under the live-bed conditions.     
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Figure 4.20  Distribution of sediment transport conditions for round pier – bridges in 
narrow channels 
 Table 4.17 below consists of relative scour depths for bridges with round piers crossing 
narrow channels.  The distribution of the relative scour depths are indicated alongside with 
their corresponding number on the river channel for 1.0m, 1.25m, 1.50m and 1.75m foundation 
depths.  The differences in the relative scour depths with regards to the higher discharges in 
relation to the initial discharge are also presented.  The difference in the scour depths between 
30% of Q and Q are presented in ranges. They are 0.38 – 0.68 with corresponding percentage 
difference of 57% – 17.40%; 0.68 – 0.88 representing 17.40% –16.08%; 0.88 – 1.23 equivalent 
to 16.08 % - 16.91% and 1.25 -15.26 corresponding to 16.91 – 99.75%.  Differences between 
50% of Q and Q are highest   at 0.57 – 1.18 (98.39% -29.96%) and 2.08 – 18.71 (28.67% - 
104%). The highest differences can be seen with the values of 105% of Q and Q which are 
1.33 – 2.57 (231% - 64.50%) and 4.25 – 19.42 (58.42% - 132%).  The percentage differences 
reveals the severity of increased discharge on bridges as a result of scour.  Rectangular and 
sharp piers will also show similar differences although of different magnitude. 
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In summary, bridges in wide and narrow channels have been analysed and the results presented 
and discussed in the previous sections. From the point of view of sediment transport 
conditions, bridges on narrow channels were found to have more clear - water scour conditions 
compared to those on wide channels. In the narrow channels, about 63% were found to be of 
clear-water and about 27% of live-bed condition at the initial discharge Q; whilst for wide 
channels, 42 % were found to be of clear – water and about 58% of live – bed scour conditions 
at the initial discharge Q. The number of bridges under clear-water conditions for wide 
channels at 105% of Q were found to be about 9% as compared to 21% for narrow piers. 
Invariably, bridges on wide channels would likely be more affected by changes in climatic 
conditions that would impact on bridge scour due to river flooding.  Reason for this could be 
that wide channels are often wider and are subject to high volume of water flow and smaller 
sediment sizes than narrow channels. Comparison is not made with intermediate channels as 
the results are highly conservative. 
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Table 4.16 Relative scour depths for round piers of bridges on narrow channels. 
Discharge Relative 
scour depth 
Count  Diff from Q % Diff 
from Q 
DF  Discharge Relative 
scour depth 
Count  Diff from Q % Diff 
from Q 
DF  
Q 0.58 - 3.89 2006 
  
1.0 50% of 
 Q 
0.90 - 4.61 2048 0.57 - 1.18 98.4 - 29.9 1.0 
3.90 - 5.45 2496 
  
1.0 4.62 - 6.33 2454 1.18 - 1.47 29.9  - 27.4 1.0 
5.46 - 7.24 2502 
  
1.0 6.34 - 8.49 2518 1.47  - 2.08 27.4 - 28.7 1.0 
7.25 - 20.36 1996 
  
1.0 8.50 - 36.62 1978 2.08 - 18.71 28.7 - 104 1.0 
0.46 - 3.12 2022 
  
1.25 0.72 - 3.66 2015 
  
1.25 
3.13 - 4.36 2481 
  
1.25 3.67 - 5.07 2502 
  
1.25 
4.37 - 5.79 2499 
  
1.25 5.08 - 6.78 2498 
  
1.25 
5.80 - 16.29 1998 
  
1.25 6.79 - 28.50 1985 
  
1.25 
0.38 - 2.59 2000 
  
1.50 0.60 - 3.05 2015 
  
1.50 
2.60 - 3.64 2521 
  
1.50 3.06 - 4.23 2514 
  
1.50 
3.65 - 4.82 2476 
  
1.50 4.24 - 5.67 2502 
  
1.50 
4.83 - 13.57 2003 
  
1.50 5.68 - 25.23 1969 
  
1.50 
0.33 - 2.22 2001 
  
1.75 0.52 - 2.64 2026 
  
1.75 
2.23 - 3.12 2520 
  
1.75 2.65 - 3.63 2518 
  
1.75 
3.13 - 4.14 2494 
  
1.75 3.64 - 4.86 2487 
  
1.75 
4.15 - 11.64 1985 
  
1.75 4.87 - 21.63 1969 
  
1.75 
30% of Q 0.94 - 4.57 2009 0.38 - 0.68 57 - 17.4 1.00 105% of Q 1.91 - 6.54  2127 1.33 - 2.57 231.2- 64.5 1.0 
4.58 - 6.33 2493 0.68 - 0.88 17.4  - 16.1 1.00 6.55 - 8.27 1916 2.57 - 3.09 64.5 - 59.7 1.0 
6.34 - 8.46 2497 0.88 - 1.23 16.1 - 16.9 1.00 8.28 - 11.52 2992 3.09 - 4.25 59.7 - 58.4 1.0 
8.47 - 35.62 2001 1.23 - 15.26 16.9 - 99.8 1.00 11.53 - 38.41 1965 4.25 - 19.42 58.4 - 132.1 1.0 
0.72 - 3.67 2027 
  
1.25 1.53 - 5.23 2127 
  
1.25 
3.68 - 5.06 2474 
  
1.25 5.24 - 6.61 1906 
  
1.25 
5.07 - 6.77 2503 
  
1.25 6.62 - 9.21 2996 
  
1.25 
6.78 - 28.50 1996 
  
1.25 9.22 - 30.73 1971 
  
1.25 
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0.60 - 3.05  2014 
  
1.50 1.27 - 4.36 2131 
  
1.50 
3.06 - 4.22 2492 
  
1.50 4.37 - 5.51 1908 
  
1.50 
4.23 - 5.64 2498 
  
1.50 5.52 - 7.69 3005 
  
1.50 
5.65 - 23.75 1996 
  
1.50 7.70 - 25.61 1956 
  
1.50 
0.52 - 2.61 2012 
  
1.75 1.09 - 3.74 2136 
  
1.75 
2.61 3.62 2505 
  
1.75 3.75 - 4.73 1919 
  
1.75 
3.63 - 4.84 2497 
  
1.75 4.74 - 6.60 2999 
  
1.75 
4.84 - 20.36 1986 
  
1.75 6.61 - 21.95 1946 
  
1.75 
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 Scour priority rating modification 
The scour priority rating (SPR) has been discussed in chapter 3 and also parts of this chapter. 
Scour priority rating defines a hierarchy of actions to be taken based on risk level thus 
prioritising mitigation actions or options or adopting scour reduction measures to improve flow 
conditions (JBA, 2014). In BD 97/12, scour priority rating is ordinal from 1 to 5, with high 
ratings being 1 and 2, medium rating as 3 while 4 and 5 represent low risk ratings as shown in 
Figure 4.26. The figure shows relative scour depth ranging from 0.0 to 10.0 on the Y-axis such 
that Priority factors from about 0.9 and below do not have a clear line defining the 
differentiation between SPR 1 and SPR 2. It implies that bridges having priority factors from 
0.0 to 0.9 may not attain scour depths that could lead the bridge into the highest priority rating 
of 1. 
It is therefore proposed to produce/extend the polyline to clearly define scour priority rating 1 
for priority factors of about 0.3 to 0.9 similar to that obtainable for priority factors 1.0 to 2.8 as 
the figure shows. This is intended as the results of scour depths for bridges over wide, 
intermediate and narrow channels have shown that future climatic changes due to applying the 
change factors on peak discharge would cause bridges which have no history of scour with a 
priority factor of 0.8 or lower to have relative scour depths exceeding 10.0 as provided in BD 
97/12. To achieve this, the results of scour depths obtained from the analyses, as presented in 
the previous sections of this chapter, are used. Some values of relative scour depths are selected 
to reduce clusters of the points on the priority rating plot. These selected scour depths are 
plotted with priority factors of 0.4, 0.8, 1.6 and 2.0 on the same figure as shown in Figure 4.21 
below which helped in defining the proposed extended line to create SPR 1 for lower values of 
priority factors as mentioned earlier. 
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Figure 4.21   Scour priority rating. (Source: DMRB, 2012) 
Figure 4.22 is therefore proposed as a means of considering bridges which have low 
vulnerability to scour or which have no history of scour and thus have low PF that may be 
affected by increasing flood flows due to climate change. Two equations have been proposed 
for defining the boundary between priority ratings 1 and 2. For priority factors of 0.8 and below; 
the first proposed equation is as follows:  
𝐷𝑅 =  0.2922𝑃𝐹6 + 3.5447𝑃𝐹5 + 16.697𝑃𝐹4 − 38.565𝑃𝐹3 + 46.84𝑃𝐹2 − 34.90𝑃𝐹 
+ 21.97                                                                                                                               (4.5) 
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where DR is the relative scour depth, PF is priority factor. The equation’s coefficient of 
determination 𝑅2is equal to 1 in Figure 4.22.
 
Figure 4.22  Proposed scour priority rating plot to account for climate change 
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Figure 4.23   Proposed scour priority rating plot to account for climate change 
The second proposed equation is a second degree polynomial given by: 
𝐷𝑅 =  1.6585𝑃𝐹2 + −10.198𝑃𝐹 + 17.287                                                                       4.6 
Its coefficient of determination (𝑅2) is 0.9988 and the line is shown in Figure 4.23.  From the 
two figures, the proposed line shown in Figure 4.23 may be more preferable because the line 
defining the boundary between SPR2 and SPR 1 has an extending increasing trend. Also, 
relative scour depths for priority factors from 0 to 0.4 would have extensive SPR of 2 which 
invariably means that bridges with such factors, if any, rarely would enter into the highest scour 
rating of 1. The new final scour priority rating boundary is therefore presented in Figure 4.24 
below. 
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Figure 4.24  Proposed scour priority rating to account for scour due to climate change 
Procedure for updating the BD97/12 scour priority rating figure as shown in figure 4.21 is as 
follows:  
 The SPR figure is first reproduced with plot digitiser (Rohatgi, 2018) 
 Results of analysis of relative scour depths for wide, intermediate and narrow channels 
were placed in turn on the reproduced SPR figure based on the initial discharge and the 
three increased discharges due to climate change. Placing the results for either wide, 
intermediate and narrow channels produced the same SPR plotted figure as shown in 
figures 4.22 and 4.23. 
 The results of relative scour depth were plotted on the SPR figure at different priority 
factors, i.e 0.4, 0.8, 1.6 and 2.0. Note a lower value PF of 0.4 was included as 
modification to account for priority factors (PF of 0.4 – 0.8) which is not accounted for 
on the original SPR figure for higher SPR of 1.  
 A trendline is projected on all the plotted results at the different priority factors. The 
trendline is extended forward as shown in figure 4.22 and 4.23 above. The desired final 
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modified SPR figure is as shown in figure 4.25 below. This figure will account for the  
scour ratings of bridges which changes in climate brought about by increased discharge 
will cause into the furture.  
 
Figure 4.25  Proposed updated final scour priority rating boundary between SPR1 and 
SPR2 
 Effect/influence of angle of attack 
4.5.1 For the same bridge location 
Table 4.18 and Figure 4.26 below present the risk rating and the relative scour depth of bridges 
with the same channel and bridge geometries subjected to different angles of attack. The risk 
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105% climate change allowances applied to the initial discharge, the scour risk rating remained 
at category 2 although the relative scour depths increased to 6.27, 6.97 and 8.75, respectively. 
At 15 degrees angle of attack of flow to the piers, the scour risk rating (SPR) was also found 
to be in category 2 but the relative scour (DR) depth of the initial discharge is not static with 
regards to the previous value for the case of zero degrees angle of attack. Its DR is 6.55 in this 
case leading to a total scour depth of 6.55m, increasing from 5.25 in the previous case. The 
relative scour depths for the 30%, 50% and 105% change factor discharges for the 15-degree 
skew, are found to be equal to 7.57, 8.27 and 10.05, respectively. The risk rating for the 30-
degree angle of attack is found to be 2 for Q, 30% of Q and 50% of Q with corresponding DR 
values of 7.41, 8.43, and 9.13, respectively. The highest risk, that is a shift to SPR 1, was 
observed for the 30 degrees angle of attack at 105% of Q, with a relative scour depth of 10.91. 
This is also the same for the 60 degrees angle of attack where SPR of 1 was attained at 50% of 
Q and 105% of Q with DRs of 10.19 and 11.97, respectively, while for the Q and 30% of Q, 
their SPR remained at 2. The results clearly show that the risk rating of a bridge can be affected 
by the angle of flow to the bridge piers, may be different for each flood in a river channel as it 
has been observed in the field scour measurements in the USGS bridge scour database. 
The percentage differences between the relative scour depth of the bridges over the 30m 
channels and for angle of attack between the 15 and 0 degrees with regards to local scour depths 
(in metres) and the relative scour depths are 24.75% for the initial discharge Q (150cms), 
20.72% for the 30% of Q (195cms), 18.64% for the 50% of Q (225cms) and 14.84% for 105% 
of Q. The scour depth value increased as the angle of attack increased.  It can be seen from 
Table 4.18 below that differences in the scour depth with regards to angle of attack can vary to 
a high of about 61% depending on the bed material sediment size and the angle at which a 
flood flows relative to the pier.  
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Table 4.17 Risk rating of a bridge at different angles of attack at the same location 
 
Discharge Channel 
width 
(m) 
Width 
of  
pier (m) 
Sediment 
size 
(mm) 
Contract 
Scour 
(m) 
Local 
scour 
(m) 
Rel. 
scour 
depth 
(DR) 
Scour 
Priority 
Rating 
(SPR) 
Transport 
condition 
Pier 
shape 
DF Skew 
(deg) 
DL & DR 
Diff with 
initial Q 
% diff 
Q 150 30 0.5 5 4.50 0.75 5.25 2 live-bed round 1 0 
  
30% of Q 195 30 0.5 5 5.52 0.75 6.27 2 live-bed round 1 0 
  
50% of Q 225 30 0.5 5 6.22 0.75 6.97 2 live-bed round 1 0 
  
105% Q 308 30 0.5 5 8.00 0.75 8.75 2 live-bed round 1 0 
  
Q 150 30 0.5 5 4.50 2.05 6.55 2 live-bed round 1 15 1.30 24.75 
30% Q 195 30 0.5 5 5.52 2.05 7.57 2 live-bed round 1 15 1.30 20.72 
50% Q 225 30 0.5 5 6.22 2.05 8.27 2 live-bed round 1 15 1.30 18.64 
105% Q 308 30 0.5 5 8.00 2.05 10.05 2 live-bed round 1 15 1.30 14.84 
Q 150 30 0.5 5 4.50 2.91 7.41 2 live-bed round 1 30 2.16 41.23 
30% Q 195 30 0.5 5 5.52 2.91 8.43 2 live-bed round 1 30 2.16 34.51 
50% Q 225 30 0.5 5 6.22 2.91 9.13 2 live-bed round 1 30 2.16 31.04 
105% Q 308 30 0.5 5 8.00 2.91 10.91 1 live-bed round 1 30 2.16 24.72 
Q 150 30 0.5 5 4.50 3.97 8.46 2 live-bed round 1 60 3.22 61.32 
30% Q 195 30 0.5 5 5.52 3.97 9.49 2 live-bed round 1 60 3.22 51.32 
50% Q 225 30 0.5 5 6.22 3.97 10.19 1 live-bed round 1 60 3.22 46.16 
105% Q 308 30 0.5 5 8.00 3.97 11.97 1 live-bed round 1 60 3.22 36.77 
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Figure 4.26 Relative scour depth for the same bridge across a river channel at different angles of attack 
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4.5.2 For angle of attack at the same bridge location with different discharges 
Table 4.18 Scour risk due to different angle of attack on bridges on the same water course with different discharges 
 
 Discharge Channel 
width 
(m) 
Width 
of pier 
(m) 
Sediment 
size 
(mm) 
Contract. 
Scour 
(m) 
Local 
scour(m) 
Relative 
scour 
depth 
Scour 
Priority 
Rating 
Transport 
condition 
Pier shape DF Skew 
(deg.) 
DR diff. 
btw 
upper 
and 
lower 
course  
% diff. 
Q 200 45 1.1 15 2.28 7.54 9.81 2 live-bed rectangular 1 60 2.94 29.9 
30% 
of Q 
260 45 1.1 15 2.74 7.54 10.28 1 live-bed rectangular 1 60 2.31 22.5 
50% 
of Q 
300 45 1.1 15 3.17 7.54 10.71 1 live-bed rectangular 1 60 2.03 18.9 
105% 
of Q 
411 45 1.1 15 4.33 7.54 11.86 1 live-bed rectangular 1 60 1.36 11.5 
Q 200 45 1.1 15 2.28 5.82 8.09 2 live-bed rectangular 1 30 1.22 15.0 
30% 
of Q 
260 45 1.1 15 2.74 5.82 8.56 2 live-bed rectangular 1 30 0.59 6.89 
50% 
of Q 
300 45 1.1 15 3.17 5.82 8.99 2 live-bed rectangular 1 30 0.30 3.42 
105% 
of Q 
411 45 1.1 15 4.33 5.82 10.14 1 live-bed rectangular 1 30 0.3618 3.56 
Q 250 50 1.1 5 4.56 2.31 6.87 2 live-bed rectangular 1 0 
  
30% 
of Q 
325 50 1.1 5 5.66 2.31 7.97 2 live-bed rectangular 1 0 
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50% 
of Q 
375 50 1.1 5 6.37 2.31 8.68 2 live-bed rectangular 1 0 
  
105% 
of Q 
514 50 1.1 5 8.19 2.31 10.51 1 live-bed rectangular 1 0 
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Figure 4.27  Scour depth for bridges in different locations on the same river channel with 
different angles of attack 
 
Table 4.19 and Figure 4.27 above show results for bridges on the same river course of different 
sediment sizes and angles of attack but the same pier width. The bridges with angle of attack 
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sizes are in turn compared with the bridge at angle of attack of 0 degree (Bridge 2) which  has 
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the lower course (Bridge 2) is 50m wide and 250cms, respectively. The bridge at flow 
alignment of 60 degrees (Bridge 1a) was found to have a risk rating of 2 for the initial 
discharge, shifting to a risk rating of 1 for each of the three increased discharges based on the 
30%, 50% and 105% change factors, leading to relative scour depths of 9.81, 10.28, 10.71 and 
11.86, respectively. On the other hand, for the lower course bridge (Bridge 2), the relative 
scour depths and corresponding scour risk ratings (in parenthesis) are found to be 8.87 (2), 
7.96 (2), 8.68 (2) and 10.50 (1).  
The second comparison refers to Bridge 1b, having an angle of attack of 30 degrees and an 
initial discharge ‘Q’ of 200 cubic metre per second similar to that of Bridge 1a. The differences 
in the scour depth in metres and the relative scour depth between Bridge 1b and Bridge 2 are 
found as 1.22 (15.1%) for the initial discharges and 0.59 (6.9%) for 30% of Q, 0.31 (3.4%) for 
the 50% of Q and 0.36 (3.6%) for 105% of Q, respectively. From Table 4.19, differences exist 
to a measure of about 30 percent for the first upper course bridge (Bridge 1a) in comparison 
with the lower course bridge (Bridge 2) at the initial discharges and reduces through to about 
11.50 percent at the highest discharges i.e. at the 105% of Q as can be visualised in Figure 4.26 
above.  The percentage differences reduce in significance if a bridge at the upper course of a 
river channel has the same angle of angle of attack as the bridge down the channel. It should 
be noted also that if the sediment sizes are to be of the same sizes or that there are no large 
differences in the sediment sizes between the upper and lower course bridges, the differences 
in the scour depths would be significant. This will be noticeably observed in Table 4.20 and 
Figure 4.27 below. This can provide a quick idea to bridge owners and designers of the 
approximate scour depth of bridge(s) up or down stream of a river channel of known channel 
and bridge geometry. 
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4.5.3 For the same discharge at different locations  
Table 4.19 Scour risk due to angle of attack on bridges on the same water course, different location with same discharges. 
 
Discharge 
(cms) 
Channel 
width 
(m) 
Width 
of  
pier 
(m) 
Sediment 
size 
(mm) 
Contract. 
Scour 
(m) 
Local 
scour 
(m) 
Relative 
scour 
depth 
Scour 
Priority 
Rating 
Transport 
condition 
Pier shape DF Skew 
(deg.) 
DR 
diff. 
btw 
upper 
and 
lower 
course 
bridges  
% 
diff. 
Q 250 50 1.1 15 2.36 7.53 9.90 2 live-bed rectangular 1 60 5.23 52.80 
30% 
of Q 
325 50 1.1 15 3.05 7.53 10.58 1 live-bed rectangular 1 60 5.23 49.37 
50% 
of Q 
375 50 1.1 15 3.52 7.53 11.06 1 live-bed rectangular 1 60 5.23 47.26 
105% 
of Q 
514 50 1.1 15 4.77 7.53 12.31 1 live-bed rectangular 1 60 5.23 42.45 
Q 250 50 1.1 15 2.36 5.81 8.17 2 live-bed rectangular 1 30 3.51 42.86 
30% 
of Q 
325 50 1.1 15 3.05 5.81 8.86 2 live-bed rectangular 1 30 3.51 39.53 
50% 
Q 
375 50 1.1 15 3.52 5.81 9.33 2 live-bed rectangular 1 30 3.51 37.54 
105% 
of  
Q 
514 50 1.1 15 4.77 5.81 10.59 1 live-bed rectangular 1 30 3.51 33.09 
Q 250 50 1.1 15 2.36 4.36 6.72 2 live-bed rectangular 1 15 2.05 30.52 
30% 
of Q 
325 50 1.1 15 3.05 4.36 7.41 2 live-bed rectangular 1 15 2.05 27.69 
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50% 
of Q 
375 50 1.1 15 3.52 4.36 7.88 2 live-bed rectangular 1 15 2.05 26.03 
105% 
of Q 
514 50 1.1 15 4.77 4.36 9.14 2 live-bed rectangular 1 15 2.05 22.46 
Q 250 50 1.1 15 2.36 2.31 4.67 3 live-bed rectangular 1 0 
  
30% 
of Q 
325 50 1.1 15 3.05 2.31 5.36 2 live-bed rectangular 1 0 
  
50% 
of Q 
375 50 1.1 15 3.52 2.31 5.83 2 live-bed rectangular 1 0 
  
105% 
of Q 
514 50 1.1 15 4.77 2.31 7.08 2 live-bed rectangular 1 0 
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Figure 4.28  Scour depth for bridges at the upper and lower courses of a river channel 
with different angles of attack with the same discharge. 
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corresponding relative scour depths and scour risk ratings are equal to 4.67 (3), 5.36 (2), 5.83 
(2), 7.08 (2).  
This scenario is likely with bridges in close vicinity. From Table 4.20, it can be seen that there 
are significant differences on the scour depths varying from 2.05 to 5.23 with percentage 
differences ranging from 22.50 to 52.80 percent. The differences with regards to different 
sediment sizes as discussed earlier based on the results shown in Table 4.19 and Figure 4.26, 
are marginal in comparison to that discussed for the same sediment sizes in Table 4.20 and 
Figure 4.27.  
4.5.4 Scour rating for angle of attack of bridges on wide channels 
Comparisons of scour ratings for bridges on wide channels in terms of angle of attack are 
presented in this section. The scour rating plot for the initial and climate change factored 
discharges is shown in Figure 4.28 for angles of attack of 0 and 30 degrees. In this figure, the 
lowest value of relative scour depth is used to trace the relative shift from a scour priority rating 
to another stage when discharge increased. At the initial discharge Q, the relative scour depth 
value for the zero (0) degree angle of attack was found to be 1.15, equivalent to scour risk 
rating (SPR) 4, but with the discharge increasing by a factor of 30% (i.e. 30% of Q), the relative 
scour depth increased to 4.28 thus shifting the risk rating to 3. For the subsequent discharges 
of 30% and 50% of Q, the relative scour depth for the 0 degree and 30 degrees angles of attack 
resulted in risk scour ratings of 4 and 3 respectively. At 105% of Q, the lowest relative scour 
value is found to be equal to 2.17 for the 0 degree equivalent to a scour risk of 4 while for the 
30 degrees, the relative scour depth is 5.40, equivalent to scour risk rating 2. This again shows 
the effect of both increased discharge and angle of attack on risk of scour to bridges. The same 
shift in risk would similarly reflect for bridges with round piers, sharp piers on wide channels; 
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narrow and intermediate channels. Figure 4.32 show similar differences in ratings based on 
angle of attack for 0 and 60 degrees for bridges on wide channels. 
4.5.5 Scour rating for angle of attack of bridges on narrow channels 
Figure 4.29 below is a plot of figures of scour priority rating for discharges of Q, 30% of Q, 
50% of Q, and 105% of Q for a foundation depth of 1.75m. The plots are presented for angle 
of attack of 0 and 60 degrees. As discussed in the previous section for wide channel, the relative 
scour depth at initial discharge Q for 0 degrees is approximately equal to 0.40, equivalent to a 
scour rating of 5, while for 60 degrees, it is 2.00, equivalent to scour priority rating of 4. At 
105% of Q, the relative scour depth for 0 degrees is 1.03, which is a scour priority of 4, while 
for 60 degrees it is 2.89, also a scour rating of 4, although at the threshold of transiting into 
SPR 3. From Figure 4.28, it is observable that most of the scour depths are contained in scour 
priority rating (SPR) 5 to 2 with a few in SPR 1 compared to those of Figure 4.28 for wide 
channels for a 1.0m foundation depth.  
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Figure 4.29  Scour rating for discharges due to effect of angle of attack for bridges with rectangular piers on wide channels 
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Figure 4.30  Scour risk rating plots for various discharges for different 
angles of attack; bridges with rectangular piers in narrow channels 
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 Effect of Channel width  
4.6.1 Different channel widths of the same discharge 
Table 4.20  Channel width effect on scour depth 
 
Discharge
, Q (cms) 
Channe
l width 
(m) 
Widt
h  
of 
pier 
(m) 
Sedimen
t size 
(mm) 
Contractio
n Scour 
DC (m) 
Loca
l 
scour 
DL 
(m) 
Relativ
e scour 
depth, 
DR  
 Total 
scour
, DT 
(m) 
Scour 
Priorit
y 
Rating 
Transpor
t 
conditio
n 
Pier 
shape 
Founddepth
, 
DF 
 (m) 
Skew 
(deg) 
DR 
Diff 
from 
30m 
widt
h 
% 
diff. 
DC 
diff 
from 
30m 
widt
h (m) 
Q 150 30 0.5 5 4.50 0.75 5.25  5.25 2 live-bed round 1 0 
   
30% 
of Q 
195 30 0.5 5 5.52 0.75 6.27  6.27 2 live-bed round 1 0 
   
50% 
of Q 
225 30 0.5 5 6.22 0.75 6.97  6.97 2 live-bed round 1 0 
 
  
 
105
% of 
Q 
308 30 0.5 5 8.00 0.75 8.75  8.75 2 live-bed round 1 0 
   
Q 150 35 0.5 5 4.14 0.75 4.89  4.89 3 live-bed round 1 0 0.35 6.72 0.35 
30% 
of Q 
195 35 0.5 5 4.78 0.75 5.53  5.53 2 live-bed round 1 0 0.74 11.7 0.74 
50% 
of Q 
225 35 0.5 5 5.41 0.75 6.16  6.16 2 live-bed round 1 0 0.81 11.6 0.81 
105
% of 
Q 
308 35 0.5 5 7.01 0.75 7.76  7.76 2 live-bed round 1 0 0.99 11.3 0.99 
Q 150 40 0.5 5 3.85 0.75 4.60  4.60 3 live-bed round 1 0 0.64 12.2 0.64 
30% 
of Q 
195 40 0.5 5 4.40 0.75 5.15  5.15 2 live-bed round 1 0 1.12 17.9 1.12 
50% 
of Q 
225 40 0.5 5 4.78 0.75 5.53  5.53 2 live-bed round 1 0 1.44 20.6 1.44 
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105
% of 
Q 
308 40 0.5 5 6.24 0.75 6.99  6.99 2 live-bed round 1 0 1.76 20.1 1.76 
Q 150 45 0.5 5 3.61 0.75 4.36  4.36 3 live-bed round 1 0 0.89 17.0 0.89 
30% 
of Q 
195 45 0.5 5 4.13 0.75 4.88  4.88 3 live-bed round 1 0 1.39 22.1 1.39 
50% 
of Q 
225 45 0.5 5 4.43 0.75 5.18  5.18 2 live-bed round 1 0 1.79 25.6 1.79 
105
% of 
Q 
308 45 0.5 5 5.62 0.75 6.37  6.37 2 live-bed round 1 0 2.38 27.1 2.38 
Q 150 50 0.5 5 3.39 0.75 4.14  4.14 3 live-bed round 1 0 1.10 21.0 1.10 
30% 
of Q 
195 50 0.5 5 3.90 0.75 4.65  4.65 3 live-bed round 1 0 1.61 25.7 1.61 
50% 
of Q 
225 50 0.5 5 4.20 0.75 4.95  4.95 3 live-bed round 1 0 2.02 29.0 2.02 
105
% of 
Q 
308 50 0.5 5 5.11 0.75 5.86  5.86 2 live-bed round 1 0 2.89 32.9 2.89 
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Figure 4.31  Relative scour depth for different channel width under the influence of 
various discharges 
Table 4.21 and Figure 4.31 present results for different river channel widths having the same 
pier width, number of piers, sediment size and foundation depth. From Figure 4.34, it can be 
seen that the bridge over the 30m width channel has higher values of relative scour depth than 
those over the 35m, 40m, 45m and 50m channels. From table 4.21, it can be seen that the local 
scour depth (DL) for all the different combinations analysed has a constant maximum value of 
0.75m depth, due to live-bed conditions, while the contraction scour depth reduces with the 
bridges are over wider channels. Similarly, the relative scour depth reduces leading, in turn, to 
lower scour risk. For the bridge over the 30m channel, the relative scour depths are equal to 
5.25, 6.27, 6.97 and 8.75 for the initial discharge Q (150cms), 30% of Q (195cms), 50% of Q 
(225cms) and 105% of Q (308cms), respectively, all of which falling within a high scour 
priority rating (SPR) of 2. The bridge over the 50m channel, which has the least relative scour 
depth, has DR values of 4.14 for Q (150cms), 4.65 for 30% of Q (195cms), 4.95 for 50% of Q 
(225cms) and 5.86 for 105% of Q (308cms). Since the foundation depth is assumed to be equal 
to 1.0m, the total scour depth, accounting for both local scour and contraction scour, is of the 
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same numerical value as the relative scour depths except that it is in metres and not non-
dimensional. 
It can be observed from Table 4.21 that a lower scour risk rating (SPR) of 3 is obtained as the 
width of the channel increases, for the case of the initial discharge Q (150cms) for the bridges 
over the 35m and 40m channels, while the three other discharges with the climate change 
allowances for the same channel widths lead to SPRs of 2, although with less relative scour 
depths compared to the 30m channel bridge. Scour risk rating (SPR) 3 increases in number 
with the wider channels as can be seen from Table 4.21 above. Scour priority rating for the 
bridge over the 50m channel has three SPR 3 except for the 105% of Q with SPR 2 and a 
relative scour depth of 5.86. The percentage difference for the contraction scour and relative 
scour depth are the same between the 30m channel and the rest wider channels. The percentage 
difference of relative scour depth between the bridges on the 30m and 35m channels are 6.72% 
(0.35m) both for contraction scour and relative scour depth for the initial discharge (150cms), 
11.73% (0.74m) for the 30% of Q (195cms), 11.64% (0.81m) for the 50% of Q (225cms) and 
11.32 % (0.99m) for the 105% of Q. The differences increases with regards to scour depth and 
percentage as width of the channel increases which can be seen between the 50m and the 30m 
channel in Table 4.21. For these channels, the depth difference is the highest whereby it is 
1.10m (21.06%) for the initial discharges Q (150cms), 1.61m (25.75%) for the 30% of Q 
(195cms), 2.02m (29.00%) for the 50% of Q and lastly 2.89m (32.97%) for the 105% of Q. 
The differences observed in the scour depth of the 50m channel and the 30m channel having 
the same number of piers within their channels would result in saving cost with respect to 
maintenance due to bridge scour in favour of the bridge over the wide channel. The reason 
being that the wider channel has a higher opening ratio thus leading to reduced contraction 
scour as well as local scour at the bridge compared to the 30m bridge. Adequate spacing of 
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bridge piers with appropriately lower opening ratio on channels would result in not too high-
water velocities passing through the bridges’ effective openings.
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4.6.2 Different channel type  
Table 4. 21 Scour depth and risk rating for different type of channels 
  
 Discharge Channel 
width 
(m) 
Pier 
width 
(m) 
Sediment 
size  
(mm) 
Contract. 
Scour (m) 
Local 
scour 
(m) 
Relative 
scour 
depth (m) 
Total 
scour 
(m) 
Scour 
Priority 
Rating 
Transport 
condition 
Pier 
shape 
Skew 
(deg) 
DR and 
DC Diff 
% diff 
Narrow 
channel 
Q 150 30 0.5 5 4.50 0.75 5.25 5.25 2 live-bed round 0 0.00 
 
30% Q 195 30 0.5 5 5.52 0.75 6.27 6.267 2 live-bed round 0 1.02 19.48 
50% Q 225 30 0.5 5 6.22 0.75 6.97 6.97 2 live-bed round 0 1.72 32.82 
105% Q 308 30 0.5 5 8.00 0.75 8.75 8.75 2 live-bed round 0 3.50 66.76 
Intermediate 
channel 
Q 200 60 0.5 5 3.58 0.75 4.33 4.33 3 live-bed round 0 0.00 
 
30% Q 260 60 0.5 5 4.10 0.75 4.85 4.85 3 live-bed round 0 0.53 12.14 
 
50% Q 300 60 0.5 5 4.40 0.75 5.15 5.15 2 live-bed round 0 0.83 19.08 
105% Q 410 60 0.5 5 5.55 0.75 6.30 6 6.30 2 live-bed round 0 1.97 33.35 
Wide channel Q 1000 120 0.5 5 6.54 0.75 7.29 7.29 2 live-bed round 0 0.00 
 
30% Q 1300 120 0.5 5 8.06 0.75 8.81 8.81 2 live-bed round 0 1.52 20.86 
50% Q 1500 120 0.5 5 8.99 0.75 9.74 9.74 2 live-bed round 0 2.46 33.69 
105% Q 2050 120 0.5 5 11.45 0.75 12.20 12.20 1 live-bed round 0 4.92 67.47 
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Figure 4.32  Influence of channel type on relative scour depth. 
 
Table 4.22 and Figure 4.32 show the results for bridges selected from narrow, intermediate and 
wide channels indicating their respective scour depths and scour risk ratings. The selected 
bridges over the different channels are assessed for scour risk at angle of attack of zero (0) 
degree. The width for the narrow channel is 30m, 60m for the intermediate and 120m for the 
wide channel. All other parameters are the same for all the channel types. 
The scour risk ratings for the narrow channel are shown for the initial discharge together with 
its three climate change allowances. The relative scour depths at this channel are found to be 
equal to 5.25 for the 150cms discharge, 6.26 for 195cms discharge (i.e. 30% of Q), 6.97 for 
225cms (i.e. 225cms) and 8.75 for 308cms discharge (i.e. 105% of Q). The difference in the 
relative scour depth between the factored discharges and the initial discharge (Q) is 19% 
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between 30% of Q and Q, 33% between the 50% of Q and Q, and 67% between 105% of Q 
and Q.  
The discharges for the intermediate channel with their corresponding risks are 200cms giving 
a risk of 3; 260cms for the 30% of Q produced a risk of 3; 300cms for the 50% of Q with a risk 
rating of 2; and 410cms for 105% of Q which gave a risk rating of 2. Percentage difference in 
the relative scour depth with regards to the initial discharge of the channel are 12.14% (DR = 
0.53) for difference between 30% of Q and Q; 19.08% (DR = 0.83) for difference between 50% 
of Q and Q; and 33.33% (DR = 1.44) for difference between 105% of Q and Q.  
Initial discharge (Q) for wide channel is 1000cms which produced a risk rating of 2 as a result 
of relative scour depth (DR) of 7.29 while 1300cms (30% of Q) has a risk of 2 due to DR of 
8.81; 1500cms (i.e. 50% of discharge Q) has a rating risk of 2 caused by DR of 9.74 while the 
2050cms discharge (i.e. 105% of Q) generated a risk rating of 1 due to DR of 12.20. Difference 
in the relative scour depths of the higher discharges with reference to the initial discharge 
(1000cms) are 1.52 (20.86%) for 30% of Q and Q; 2.46 (33.69%) for 50% of Q and Q; and 
4.92 (67.47%) for 105% of Q and Q.  
From the above discussions with regards to the percentage differences in the relative scour 
depths comparing the climate change allowances with the initial discharge of the different 
channel types, it can be said that higher percentage differences exist for the relative scour 
depths of the narrow and wide channel types, which have as high as 67% difference from the 
initial discharge, when compared with that of the intermediate channel. Narrow channels are 
often encountered at a river’s upper course where flow could be rapid. Therefore where a 
narrow channel has fast flowing water or flood as the case may be, scouring of foundation or 
pier of a bridge over such channel could be significant. On the other hand, wide rivers are 
characterised with fast flowing water and have adequate flowing energy, therefore could result 
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in scour depth as shown in Table 4.22.  However, the level of discharge may vary depending 
on the amount of rainfall and thus run-off into the river from within the catchment area of a 
river.  
For a narrow river with no significantly large discharge, scour may not be as presented in Table 
4.22. Given that BD 97/12 can assess scour for bridges which may encounter large discharges, 
it therefore has the capability to be used in the assessment of scour due to future global climate 
change which would result in high river flows and thus exacerbate the scour risk vulnerability 
in most parts of the world.  This is of great relevance as BD 97/12 is used in some countries in 
the assessment of bridge scour, the document is not localised to UK given its international 
usage.  
Table 4.23 and Figure 4.33 show results of scour depths for a bridge over a narrow channel 
with initial discharge of 50cms. As can be see, the values of the relative scour depths obtained 
are 3.20 for the 50cms initial discharge Q, 3.62 for 65cms (30% of Q), 3.87 for 75cms discharge 
(50% of Q), and 4.47 for 103cms (105% of Q). All cases fall to a risk ranking category of 3.  
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Table 4.22 Scour risk rating and relative scour depth for a narrow channel bridge 
 
Q 30% of Q 50% of Q 105% of Q 
Discharge 50 65 75 103 
Channel width (m) 30 30 30 30 
Width of pier (m) 0.5 0.5 0.5 0.5 
Sediment size (mm) 5 5 5 5 
Contraction scour (m) 2.45 2.87 3.12 3.72 
Local scour (m) 0.75 0.75 0.75 0.75 
Relative scour depth (m) 3.2 3.62 3.87 4.47 
Scour Priority Rating (SPR) 3 3 3 3 
Transport condition live-bed live-bed live-bed live-bed 
Pier shape round round round round 
Skew (deg.) 0 0 0 0 
DR and DC Diff 0 0.42 0.25 0.6 
% diff 
 
13.13 18.51 32.82 
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Figure 4.33  Relative scour depth difference between factored discharge and initial 
discharge. 
 
The percentage difference in the relative scour depths for the narrow channel with high 
discharge as shown in Table 4.22 is greater than that shown in Table 4.23, also resulting in 
lower risk ratings. As Table 4.22 and Table 4.23 has shown for narrow channels which had 
larger discharge has high risk rating than those with low discharges. Therefore severity of the 
effect of climate change on bridges over channels with relatively low discharge would not be 
severely impacted although scouring which is a continual occurring phenomena due to flowing 
water will still take place. 
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 Sediment size   
4.7.1 Scour risk based on different sediment sizes 
Table 4.23  Scour risk due to different sediment sizes 
 Discharge 
Channel 
width (m) 
Width of 
pier(m) 
Sediment 
size(mm) 
Contract. 
Scour(m) 
Local 
scour(m) 
Relative 
scour depth 
Scour 
Priority 
Rating 
Transport 
condition 
Pier 
shape 
D
F 
Skew 
(deg.) 
Q 1,000 120 1.1 5 6.82 1.65 8.47 2 live-bed Round 1 0 
 
1,000 120 1.1 10 4.90 1.65 6.55 2 live-bed Round 1 0 
 
1,000 120 1.1 15 3.83 1.65 5.48 2 live-bed Round 1 0 
 
1,000 120 1.1 20 3.16 1.65 4.81 3 live-bed Round 1 0 
 
1,000 120 1.1 25 2.73 1.65 4.38 3 live-bed Round 1 0 
 
1,000 120 1.1 30 2.32 1.65 3.97 3 live-bed Round 1 0 
 
1,000 120 1.1 35 2.08 1.65 3.73 3 live-bed Round 1 0 
 
1,000 120 1.1 40 1.89 1.65 3.5 3 live-bed Round 1 0 
 
1,000 120 1.1 45 1.75 1.65 3.40 3 live-bed Round 1 0 
 
1,000 120 1.1 50 1.65 1.65 3.30 3 live-bed Round 1 0 
 
1,000 120 1.1 55 1.57 1.65 3.22 3 live-bed Round 1 0 
 
1,000 120 1.1 60 1.50 1.65 3.15 3 live-bed Round 1 0 
 
1,000 120 1.1 65 1.45 1.65 3.10 3 live-bed Round 1 0 
 
1,000 120 1.1 70 1.41 1.65 3.06 3 live-bed Round 1 0 
 
1,000 120 1.1 75 1.38 1.65 3.03 3 live-bed Round 1 0 
30% 
of Q 1,300 120 1.1 5 8.39 1.65 10.04 2 live-bed Round 1 0 
 
1,300 120 1.1 10 6.17 1.65 7.82 2 live-bed Round 1 0 
 
1,300 120 1.1 15 4.92 1.65 6.57 2 live-bed Round 1 0 
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1,300 120 1.1 20 4.15 1.65 5.80 2 live-bed Round 1 0 
 
1,300 120 1.1 25 3.65 1.65 5.30 2 live-bed Round 1 0 
 
1,300 120 1.1 30 3.09 1.65 4.74 3 live-bed Round 1 0 
 
1,300 120 1.1 35 2.77 1.65 4.42 3 live-bed Round 1 0 
 
1,300 120 1.1 40 2.53 1.65 4.18 3 live-bed Round 1 0 
 
1,300 120 1.1 45 2.34 1.65 3.99 3 live-bed Round 1 0 
 
1,300 120 1.1 50 2.19 1.65 3.84 3 live-bed Round 1 0 
 
1,300 120 1.1 55 2.06 1.65 3.71 3 live-bed Round 1 0 
 
1,300 120 1.1 60 1.96 1.65 3.61 3 live-bed Round 1 0 
 
1,300 120 1.1 65 1.86 1.65 3.51 3 live-bed Round 1 0 
 
1,300 120 1.1 70 1.78 1.65 3.43 3 live-bed Round 1 0 
 
1,300 120 1.1 75 1.70 1.65 3.35 3 live-bed Round 1 0 
50% 
of Q 1,500 120 1.1 5 9.36 1.65 11.01 1 live-bed Round 1 0 
 
1,500 120 1.1 10 6.96 1.65 8.61 2 live-bed Round 1 0 
 
1,500 120 1.1 15 5.61 1.65 7.26 2 live-bed Round 1 0 
 
1,500 120 1.1 20 4.78 1.65 6.43 2 live-bed Round 1 0 
 
1,500 120 1.1 25 4.26 1.65 5.91 2 live-bed Round 1 0 
 
1,500 120 1.1 30 3.58 1.65 5.23 2 live-bed Round 1 0 
 
1,500 120 1.1 35 3.22 1.65 4.87 3 live-bed Round 1 0 
 
1,500 120 1.1 40 2.94 1.65 4.59 3 live-bed Round 1 0 
 
1,500 120 1.1 45 2.72 1.65 4.37 3 live-bed Round 1 0 
 
1,500 120 1.1 50 2.53 1.65 4.18 3 live-bed Round 1 0 
 
1,500 120 1.1 55 2.38 1.65 4.03 3 live-bed Round 1 0 
 
1,500 120 1.1 60 2.24 1.65 3.89 3 live-bed Round 1 0 
 
1,500 120 1.1 65 2.12 1.65 3.77 3 live-bed Round 1 0 
 
1,500 120 1.1 70 2.00 1.65 3.65 3 live-bed Round 1 0 
 
1,500 120 1.1 75 1.90 1.65 3.55 3 live-bed Round 1 0 
105% 
of Q 2,050 120 1.1 5 11.98 1.65 13.63 1 live-bed Round 1 0 
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2,050 120 1.1 10 9.14 1.65 10.79 1 live-bed Round 1 0 
 
2,050 120 1.1 15 7.51 1.65 9.16 2 live-bed Round 1 0 
 
2,050 120 1.1 20 6.49 1.65 8.14 2 live-bed Round 1 0 
 
2,050 120 1.1 25 5.84 1.65 7.49 2 live-bed Round 1 0 
 
2,050 120 1.1 30 4.96 1.65 6.61 2 live-bed Round 1 0 
 
2,050 120 1.1 35 4.49 1.65 6.14 2 live-bed Round 1 0 
 
2,050 120 1.1 40 4.11 1.65 5.76 2 live-bed Round 1 0 
 
2,050 120 1.1 45 3.80 1.65 5.45 2 live-bed Round 1 0 
 
2,050 120 1.1 50 3.55 1.65 5.20 2 live-bed Round 1 0 
 
2,050 120 1.1 55 3.32 1.65 4.97 3 live-bed Round 1 0 
 
2,050 120 1.1 60 3.12 1.65 4.77 3 live-bed Round 1 0 
 
2,050 120 1.1 65 2.94 1.65 4.59 3 live-bed Round 1 0 
 
2,050 120 1.1 70 2.77 1.65 4.42 3 live-bed Round 1 0 
 
2,050 120 1.1 75 2.60 1.65 4.25 3 live-bed Round 1 0 
 
 
 
Bridge Scour - Climate Change Effects and Modelling Uncertainties. 
 
  
FRIDAY THOMAS EKUJE  2018 189 
 
 
Figure 4.34  Relative scour depth due to different sediment median sizes for various 
discharges (round piers, DF=1.0m) 
 
Table 4.24 and Figure 4.34 show the scour depths and risk ratings resulting from different 
median sediment sizes for a channel width of 120m, pier width of 1.10m and a priority factor 
(PF) of 0.8. For the initial discharge (1,000 cms), the relative scour depth (DR) is 8.47 
comprising of a contraction scour depth (DC) of 6.82m and local scour depth (DL) of 1.65m 
leading to a scour risk rating (SPR) of 2 for the 5mm sediment size. It can be seen from the 
table that the local scour depth for all the sediment sizes and the corresponding discharges is at 
a constant value of 1.65m, due to live-bed conditions, but the contraction scour depth values 
increase for each climate change factored discharge. For the first two discharges (Q and 30% 
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of Q), the SPR is equal to 2, whereas for the 50% and 105% of Q the SPR shifts to the highest 
risk 1. Observing Table 4.24 and Figure 4.33, a trend can be observed whereby the contraction 
scour depth and the relative scour depth reduces in magnitude with increasing median sediment 
sizes and therefore gradually leading to lower risk rating values which can be seen from the 
20mm to 75mm sediment sizes. For instance, the 30mm to 75mm sediment sizes result in 
medium SPR of 3 for the Q (1000cms). This low risk can also be seen for the 1300cms 
discharge (i.e. 30% of Q) for the 30mm – 75mm sediment sizes. Similarly, relative scour values 
are also seen to reduce for the 1500cms and the 2050cms discharges, especially with the larger 
sediment sizes.  This observation confirms that scour depths are higher for smaller sediment 
sizes than for the more coarse sediments. 
The differences in the contraction scour and the relative scour depth of each of the larger 
sediment sizes with regards to the smallest sediment size are shown in Table 4.25 below. As 
can be seen from the table, the differences increase with each higher sediment size being 
highest in the case of the largest sediment. The wide differences in scour depths between larger 
sediment sizes demonstrates that boulder sediments can be useful in reducing scour when 
placed around bridge foundations. On the other hand, the percentage differences in the DR 
between a sediment size and the next larger sediment size progressively reduces from a given 
high value to a lower value. This may have implications for the design and maintenance for 
bridge scour, showing that designing scour improvements for a bridge will not be effective if 
the material size chosen is close to the size existing in the river channel where the bridge is 
located.   
Bridge Scour - Climate Change Effects and Modelling Uncertainties. 
 
  
FRIDAY THOMAS EKUJE  2018 191 
 
Table 4.24  Relative scour differences between larger sediments and the smallest sediment size and differences between sediments 
Discharge 
Channel 
width 
(m) 
Width 
of 
pier 
(m) 
Sedimen
t size 
(mm) 
Contract. 
Scour 
(m) 
Local 
scour 
(m) 
Relative 
scour 
depth 
SPR 
DF 
(m) 
Skew 
(deg.) 
DR 
diff. 
from 
5mm 
% diff 
from 
5mm 
% DR 
Diff btw 
sediments 
DR diff 
btw 
sediments 
1,000 120 1.1 5 6.83 1.65 8.48 2 1 0   22.69 1.92 
1,300 120 1.1 5 8.40 1.65 10.05 2 1 0   22.14 2.22 
1,500 120 1.1 5 9.36 1.65 11.01 1 1 0   21.74 2.39 
2,050 120 1.1 5 11.99 1.65 13.64 1 1 0   20.82 2.84 
1,000 120 1.1 10 4.90 1.65 6.55 2 1 0 1.92 22.69 12.67 1.07 
1,300 120 1.1 10 6.17 1.65 7.82 2 1 0 2.22 22.14 12.45 1.25 
1,500 120 1.1 10 6.97 1.65 8.62 2 1 0 2.39 21.74 12.26 1.35 
2,050 120 1.1 10 9.15 1.65 10.80 1 1 0 2.84 20.82 11.97 1.63 
1,000 120 1.1 15 3.83 1.65 5.48 2 1 0 3.00 35.36 7.84 0.67 
1,300 120 1.1 15 4.92 1.65 6.57 2 1 0 3.48 34.59 7.68 0.77 
1,500 120 1.1 15 5.62 1.65 7.27 2 1 0 3.75 34.00 7.54 0.83 
2,050 120 1.1 15 7.51 1.65 9.16 2 1 0 4.47 32.79 7.46 1.02 
1,000 120 1.1 20 3.17 1.65 4.82 3 1 0 3.66 43.20 5.12 0.43 
1,300 120 1.1 20 4.15 1.65 5.80 2 1 0 4.25 42.28 4.93 0.50 
1,500 120 1.1 20 4.79 1.65 6.44 2 1 0 4.58 41.55 4.78 0.53 
2,050 120 1.1 20 6.50 1.65 8.15 2 1 0 5.49 40.25 4.77 0.65 
1,000 120 1.1 25 2.73 1.65 4.38 3 1 0 4.10 48.32 4.77 0.40 
1,300 120 1.1 25 3.66 1.65 5.31 2 1 0 4.74 47.21 5.59 0.56 
1,500 120 1.1 25 4.26 1.65 5.91 2 1 0 5.10 46.33 6.10 0.67 
2,050 120 1.1 25 5.85 1.65 7.50 2 1 0 6.14 45.02 6.47 0.88 
1,000 120 1.1 30 2.33 1.65 3.98 3 1 0 4.50 53.09 2.92 0.25 
1,300 120 1.1 30 3.09 1.65 4.74 3 1 0 5.31 52.80 3.16 0.32 
1,500 120 1.1 30 3.59 1.65 5.24 2 1 0 5.77 52.43 3.29 0.36 
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2,050 120 1.1 30 4.97 1.65 6.62 2 1 0 7.02 51.48 3.48 0.47 
1,000 120 1.1 35 2.08 1.65 3.73 3 1 0 4.75 56.01 2.17 0.18 
1,300 120 1.1 35 2.78 1.65 4.43 3 1 0 5.62 55.96 2.41 0.24 
1,500 120 1.1 35 3.23 1.65 4.88 3 1 0 6.14 55.72 2.56 0.28 
2,050 120 1.1 35 4.49 1.65 6.14 2 1 0 7.50 54.97 2.76 0.38 
1,000 120 1.1 40 1.90 1.65 3.55 3 1 0 4.93 58.18 1.64 0.14 
1,300 120 1.1 40 2.53 1.65 4.18 3 1 0 5.87 58.37 1.89 0.19 
1,500 120 1.1 40 2.94 1.65 4.59 3 1 0 6.42 58.28 2.04 0.22 
2,050 120 1.1 40 4.12 1.65 5.77 2 1 0 7.87 57.72 2.25 0.31 
1,000 120 1.1 45 1.76 1.65 3.41 3 1 0 5.07 59.81 1.25 0.11 
1,300 120 1.1 45 2.34 1.65 3.99 3 1 0 6.06 60.26 1.51 0.15 
1,500 120 1.1 45 2.72 1.65 4.37 3 1 0 6.64 60.32 1.67 0.18 
2,050 120 1.1 45 3.81 1.65 5.46 2 1 0 8.18 59.97 1.89 0.26 
1,000 120 1.1 50 1.65 1.65 3.30 3 1 0 5.18 61.06 0.96 0.08 
1,300 120 1.1 50 2.19 1.65 3.84 3 1 0 6.21 61.77 1.24 0.12 
1,500 120 1.1 50 2.54 1.65 4.19 3 1 0 6.83 61.86 1.41 0.16 
2,050 120 1.1 50 3.55 1.65 5.20 2 1 0 8.44 61.99 1.63 0.22 
1,000 120 1.1 55 1.57 1.65 3.22 3 1 0 5.26 62.02 0.75 0.06 
1,300 120 1.1 55 2.07 1.65 3.72 3 1 0 6.33 63.01 1.05 0.11 
1,500 120 1.1 55 2.38 1.65 4.03 3 1 0 6.98 63.41 1.23 0.14 
2,050 120 1.1 55 3.33 1.65 4.98 3 1 0 8.66 63.49 1.46 0.20 
1,000 120 1.1 60 1.51 1.65 3.16 3 1 0 5.32 62.77 0.59 0.05 
1,300 120 1.1 60 1.96 1.65 3.61 3 1 0 6.44 64.06 0.91 0.09 
1,500 120 1.1 60 2.24 1.65 3.89 3 1 0 7.12 64.64 1.11 0.12 
2,050 120 1.1 60 3.13 1.65 4.78 3 1 0 8.86 64.95 1.34 0.18 
1,000 120 1.1 65 1.46 1.65 3.11 3 1 0 5.37 63.35 0.47 0.04 
1,300 120 1.1 65 1.87 1.65 3.52 3 1 0 6.53 64.98 0.82 0.08 
1,500 120 1.1 65 2.12 1.65 3.77 3 1 0 7.24 65.74 1.03 0.11 
2,050 120 1.1 65 2.95 1.65 4.60 3 1 0 9.04 66.29 1.27 0.17 
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1,000 120 1.1 70 1.42 1.65 3.07 3 1 0 5.41 63.82 0.39 0.03 
1,300 120 1.1 70 1.79 1.65 3.44 3 1 0 6.61 65.80 0.77 0.08 
1,500 120 1.1 70 2.01 1.65 3.66 3 1 0 7.35 66.78 0.99 0.11 
2,050 120 1.1 70 2.77 1.65 4.42 3 1 0 9.21 67.57 1.24 0.17 
1,000 120 1.1 75 1.38 1.65 3.03 3 1 0 5.44 64.21   
1,300 120 1.1 75 1.71 1.65 3.36 3 1 0 6.69 66.57   
1,500 120 1.1 75 1.90 1.65 3.55 3 1 0 7.46 67.76   
2,050 120 1.1 75 2.60 1.65 4.25 3 1 0 9.38 68.81   
 
4.7.2  Scour depths due to different sediment sizes 
Table 4. 25 Scour risk and relative scour depth for different sediment sizes 
 
Discharge 
(cms) 
Channel 
width 
(m) 
Width of 
pier (m) 
Sediment 
size (mm) 
Contract. 
Scour 
(m) 
Local 
scour (m) 
Relative 
scour 
depth 
Scour 
Priority 
Rating 
Transport 
condition 
Pier 
shape 
DF 
(m) 
Skew 
(deg.) 
Q 1,000 120 1.1 5 6.83 1.65 8.48 2 live-bed round 1 0 
1,000 120 1.1 10 4.90 1.65 6.55 2 live-bed round 1 0 
1,000 120 1.1 15 3.83 1.65 5.48 2 live-bed round 1 0 
1,000 120 1.1 20 3.17 1.65 4.82 3 live-bed round 1 0 
1,000 120 1.1 25 2.73 1.65 4.38 3 live-bed round 1 0 
1,000 120 1.1 30 2.44 1.65 4.09 3 live-bed round 1 0 
1,000 120 1.1 35 2.26 1.65 3.91 3 live-bed round 1 0 
1,000 120 1.1 40 2.15 1.65 3.80 3 live-bed round 1 0 
1,000 120 1.1 45 2.11 1.65 3.76 3 live-bed round 1 0 
1,000 120 1.1 50 2.14 1.65 3.79 3 live-bed round 1 0 
30% 1,300 120 1.1 5 8.40 1.65 10.05 2 live-bed Round 1 0 
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of  
Q 
1,300 120 1.1 10 6.17 1.65 7.82 2 live-bed round 1 0 
1,300 120 1.1 15 4.92 1.65 6.57 2 live-bed round 1 0 
1,300 120 1.1 20 4.15 1.65 5.80 2 live-bed round 1 0 
1,300 120 1.1 25 3.66 1.65 5.31 2 live-bed round 1 0 
1,300 120 1.1 30 3.34 1.65 4.99 3 live-bed round 1 0 
1,300 120 1.1 35 3.16 1.65 4.81 3 live-bed round 1 0 
1,300 120 1.1 40 3.09 1.65 4.74 3 live-bed round 1 0 
1,300 120 1.1 45 3.12 1.65 4.77 3 live-bed round 1 0 
1,300 120 1.1 50 3.26 1.65 4.91 3 live-bed round 1 0 
50% 
of  
Q 
1,500 120 1.1 5 9.36 1.65 11.01 1 live-bed round 1 0 
1,500 120 1.1 10 6.97 1.65 8.62 2 live-bed round 1 0 
1,500 120 1.1 15 5.62 1.65 7.27 2 live-bed round 1 0 
1,500 120 1.1 20 4.79 1.65 6.44 2 live-bed round 1 0 
1,500 120 1.1 25 4.26 1.65 5.91 2 live-bed round 1 0 
1,500 120 1.1 30 3.94 1.65 5.59 2 live-bed round 1 0 
1,500 120 1.1 35 3.77 1.65 5.42 2 live-bed round 1 0 
1,500 120 1.1 40 3.73 1.65 5.38 2 live-bed round 1 0 
1,500 120 1.1 45 3.83 1.65 5.48 2 live-bed round 1 0 
1,500 120 1.1 50 4.08 1.65 5.73 2 live-bed round 1 0 
105% 
of  
Q 
2,050 120 1.1 5 11.99 1.65 13.64 1 live-bed round 1 0 
2,050 120 1.1 10 9.15 1.65 10.80 1 live-bed round 1 0 
2,050 120 1.1 15 7.51 1.65 9.16 2 live-bed round 1 0 
2,050 120 1.1 20 6.50 1.65 8.15 2 live-bed round 1 0 
2,050 120 1.1 25 5.85 1.65 7.50 2 live-bed round 1 0 
2,050 120 1.1 30 5.44 1.65 7.09 2 live-bed round 1 0 
2,050 120 1.1 35 5.23 1.65 6.88 2 live-bed round 1 0 
2,050 120 1.1 40 5.18 1.65 6.83 2 live-bed round 1 0 
2,050 120 1.1 45 5.30 1.65 6.95 2 live-bed round 1 0 
2,050 120 1.1 50 5.61 1.65 7.26 2 live-bed round 1 0 
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Figure 4.35  Relative scour depth variation for different sediment sizes under increasing 
river discharge. 
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Table 4.26 and Figure 4.35 above show scour risk for different discharges and the relative scour 
depths against the discharges. From Figure 4.37, there exists slightly wide differences in the 
relative scour depths between the small sediment size and the immediate size. The differences 
reduces between the next immediate sand sizes with the larger sediments downward as the 
figure reveals. The result of the scour risks presented in Table 4.26 are for 1.1m pier width, 
120m channel width and different sediment sizes. At the initial discharge of 1000 cubic 
centimetre per seconds (cms), the scour risk ratings for the 5mm, 10mm, 15mm, 20mm,25mm, 
30mm, 35mm, 40mm, 45mm and 50mm are 2, 2, 2, 3, 3, 3, 3, 3, 3 and 3 respectively. The 
medium risk ratings at this discharge raised to higher risk rating as the climate change – 
factored discharges were applied. For instance at 105% of Q, for the same sediment sizes, the 
risk ratings were 1, 1, 2, 2, 2, 2, 2, 2, 2 and 2. At this discharge, the scour risk ratings are high. 
In this results, two things are readily observable, that is, smaller sediment sizes are subject to 
high risk ratings than the large sediments at the same discharge and the risk ratings transit to 
higher level risks as the discharges increases. These are the likely scenario expected with the 
long – term climate change on bridges crossing rivers.  
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 Pier nose shape 
Table 4.26 Pier shape influence on scour depths 
 
Discha
rge 
Channel 
width (m) 
Widt
h of 
pier 
(m) 
Sand 
size 
(mm) 
Contract. 
Scour (m) 
Local 
scour 
(m) 
Relative 
scour 
depth 
Scour 
Priority 
Rating 
Pier 
shape 
D
F 
Skew 
(deg.) 
DR diff 
from 
sharp 
% DF 
diff 
Diff 
btw 
piers 
% diff 
btw 
piers 
Q 150 30 1.3 5 5.05 3.61 8.66 2 sharp 1 30   0.90 10.43 
30% of Q 195 30 1.3 5 6.29 3.61 9.90 2 sharp 1 30   0.90 9.11 
50% of Q 225 30 1.3 5 7.07 3.61 10.68 1 sharp 1 30   0.90 8.45 
105% of 
Q 308 30 1.3 5 9.03 3.61 12.64 1 sharp 1 30   0.90 7.14 
Q 150 30 1.3 5 5.05 4.51 9.56 2 round 1 30 0.90 10.43 0.90 9.44 
30% of Q 195 30 1.3 5 6.29 4.51 10.80 1 round 1 30 0.90 9.11 0.90 8.35 
50% of Q 225 30 1.3 5 7.07 4.51 11.58 1 round 1 30 0.90 8.45 0.90 7.79 
105% of 
Q 308 30 1.3 5 9.03 4.51 13.54 1 round 1 30 0.90 7.14 0.90 6.67 
Q 150 30 1.3 5 5.05 5.41 10.46 1 Rect. 1 30 1.80 20.85   
30% of Q 195 30 1.3 5 6.29 5.41 11.71 1 Rect. 1 30 1.80 18.23   
50% of Q 225 30 1.3 5 7.07 5.41 12.48 1 Rect. 1 30 1.80 16.90   
105% of 
Q 308 30 1.3 5 9.03 5.41 14.44 1 Rect. 1 30 1.80 14.28   
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Figure 4.36  Relative scour depth for different pier shapes under increasing river 
discharges 
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stage. However as the observed differences are relatively small, this demonstrates that the 
effect of pier nose shape is small on scour depths at bridge piers. 
 Effect of foundation depth 
Table 4.28 and Figures 4.36(a-d) present results for four different foundation depths (DF) 
(1.0m, 1.25m, 1.50m and 1.75m) assuming a priority factor of 0.8. The priority ratings obtained 
for the 1.0m foundation depth for the discharge (150cms) and its climate change allowances 
all fall within the SPR category 2. It can be seen from Table 4.28 that the relative scour depth 
reduces with increased foundation depth which translates to lower risk compared to the 1.0m 
foundation. For the deeper foundations, it can be seen that the SPRs progressively increase; for 
the case of DF=1.75m, the obtained SPRs for all discharges fall within category 3. 
Table 4.27  Scour depth for different foundation depths 
 Q 30% of Q 50% of Q 105% of Q 
Discharge 150 195 225 308 
Channel width (m) 40 40 40 40 
Width of pier (m) 2.1 2.1 2.1 2.1 
Sediment size (mm) 10 10 10 10 
Contract. Scour (m) 3.0155 3.6248 4.1446 5.5011 
Local scour (m) 2.8569 2.9917 3.0848 3.15 
Relative scour depth 
(DR) 
5.8724 6.6165 7.2294 8.6511 
Scour Priority Rating, 
SPR  
2 2 2 2 
Pier shape round round round round 
Foundation depth, DF 
(1.0) 
1 1 1 1 
Skew (deg.) 0 0 0 0 
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DT = DF*DR 5.87 6.62 7.23 8.65 
DF (1.25) 1.25 1.25 1.25 1.25 
DR (1.25) 4.70 5.29 5.78 6.92 
SPR (1.25) 3 2 2 2 
DR diff from DF (1.25 - 
1) 
1.17 1.32 1.45 1.73 
% diff from DF 1 20 20 20 20 
Transport condition Clear-water Clear-water Clear-water live-bed 
DF (1.5) 1.5 1.5 1.5 1.5 
DR (1.5) 3.91 4.41 4.82 5.77 
SPR (1.5) 3 3 3 2 
DR diff from DF (1.5 - 
1) 
1.96 2.21 2.41 2.88 
% diff from DF 1 33.33 33.33 33.33 33.33 
DF  (1.75) 1.75 1.75 1.75 1.75 
DR (1.75) 3.36 3.78 4.13 4.94 
SPR (1.75) 3 3 3 3 
DR diff from DF (1.75 - 
1) 
2.52 2.84 3.10 3.71 
% diff from DF 1 42.86 42.86 42.86 42.86 
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Figure 4.37  Scour rating risk for a 0.8 priority factor for (a) 1.0m foundation depth (b) 
1.25m foundation depth (c) 1.50m foundation depth (d) 1.75m foundation depth 
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The effect of foundation depth with regards to scour at bridge piers can be deduced from the 
reduction in relative scour depth as shown in Table 4.28 above. The percentage reduction in 
scour depth between the 1.25m and 1.0m foundation depth is 20 percent with scour depth 
differences of 1.17m (DR = 1.17) for the discharge of Q, 1.32m (DR =1.32) for the 30% of Q, 
1.45m (DR = 1.45) for the 50% of Q and 1.73m (DR = 1.73) for the 105% of Q. The differences 
in the scour depths between the 1.5m and 1.0 foundation depths is 33 percent for the respective 
discharges as mentioned in this paragraph corresponding to scour depths of 1.96m (DR = 1.96), 
2.21m (DR = 2.21), 2.41m (DR = 2.41) and 2.88m (DR = 2.88). Percentage difference in the 
scour depth between the 1.75m and 1.0m foundations is 42.86 percent with corresponding 
differences for the scour depths for the discharges of 3.36m (DR = 2.52m), 2.84m (DR = 2.84), 
3.10m (DR = 3.10m) and 3.71m (DR = 3.71).   
In relating the differences in relation to scour risk, they can be of SPR of 4 since all the 
differences in depths exceed 1.0 i.e. equivalent to a risk of 5. Therefore, the differences can be 
adjudged to be significant, although this may be subjective based on an engineer’s experience 
and practice. The differences therefore with regards to foundation depth may vary from about 
a depth of 1.96m to more than 4.0m especially for deeper foundations than as considered herein. 
From the table and the figures, it is realisable that shallow foundations around 1.0m would be 
subjected to higher scour risk while bridges with deep foundations would likely not depending 
on the median sediment size of the river bed.  
Furthermore, designing a foundation with deep foundation has its implication with regards to 
initial cost while on the other hand having a deep foundation could reduce future frequent 
maintenance cost which may arise from scouring of bridge foundations and other 
ancillary/associated cost. However, the advantage of deep foundation with regards to scouring 
provide practical information for decision making for bridge designers and bridge owners as to 
Bridge Scour - Climate Change Effects and Modelling Uncertainties. 
 
  
FRIDAY THOMAS EKUJE  2018 204 
 
the respective risks their bridges could be subjected to base on different foundation depths 
available in their stock. 
4.9.1 Foundation depth for bridges on wide channels of different angles of 
attack  
Presented in Figure 4.38 are results in terms of scour depths for discharges of 1,000, 1,300, 
1,500 and 2,050 cubic metre per seconds representing initial discharge ‘Q’, 30% of Q, 50% of 
Q and 105% of Q, respectively, for rectangular bridge piers in wide channels and for angles of 
attack of 0 and 30 degrees. Considering the 1,000cms discharge and the lowest values of scour 
depths as indicated on the figures, the relative scour depths for 0 degrees angle of attack are 
1.15, 0.92, 0.77 and 0.66 while for an angle of attack of 30 degrees at the same initial discharge, 
the scour depth values obtained are 4.28, 3.43, 2.86 and 2.45 at foundation depths of 1.0, 1.25, 
1.50 and 1.75 metres respectively. It is evident that the differences are significant.  
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Figure 4.38  Scour depth due to different foundation depths for 0 and 30 degrees angles of attack, wide channels. 
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 Effect of contraction ratio 
4.9.2 Contraction ratio due to pier size 
Table 4.28 Contraction ratio effect due to pier width on scour risk 
Discharge 
(Q) 
Channel 
width 
(m) 
Width 
of pier 
(m) 
Sediment 
size 
(mm) 
Contraction 
width 
Contraction 
ratio 
Contract. 
Scour, 
(DL) (m) 
Local 
scour,  
(m) 
Relative 
scour 
depth 
Scour 
Priority 
Rating 
Transport 
Condition 
Pier 
shape 
DF Skew 
(deg) 
250 45 0.5 10 42.5 0.06 3.24 0.75 3.99 3 live-bed round 1 0 
250 45 0.7 10 41.5 0.08 3.32 1.05 4.37 3 live-bed round 1 0 
250 45 1.1 10 39.5 0.123  3.48 1.65 5.13 2 live-bed round 1 0 
250 45 1.3 10 38.5 0.14 3.56 1.95 5.51 2 live-bed round 1 0 
250 45 1.5 10 37.5 0.17 3.65 2.25 5.90 2 live-bed round 1 0 
250 45 1.7 10 36.5 0.19 3.75 2.55 6.30 2 live-bed round 1 0 
250 45 1.9 10 35.5 0.21 3.85 2.81 6.66 2 Clear-  
water 
round 1 0 
250 45 2.1 10 34.5 0.23 3.95 3.05 7.00 2 Clear-
water 
round 1 0 
250 45 2.3 10 33.5 0.26 4.06 3.29 7.35 2 Clear-
water 
round 1 0 
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325 45 0.5 10 42.5 0.06 4.15 0.75 4.90 3 live-bed round 1 0 
325 45 0.7 10 41.5 0.08 4.25 1.05 5.30 2 live-bed round 1 0 
325 45 1.1 10 39.5 0.12 4.44 1.65 6.09 2 live-bed round 1 0 
325 45 1.3 10 38.5 0.14 4.55 1.95 6.50 2 live-bed round 1 0 
325 45 1.5 10 37.5 0.17 4.66 2.25 6.91 2 live-bed round 1 0 
325 45 1.7 10 36.5 0.19 4.77 2.55 7.32 2 live-bed round 1 0 
325 45 1.9 10 35.5 0.21 4.90 2.85 7.75 2 live-bed round 1 0 
325 45 2.1 10 34.5 0.23 5.02 3.15 8.17 2 live-bed round 1 0 
325 45 2.3 10 33.5 0.26 5.16 3.45 8.61 2 live-bed round 1 0 
375 45 0.5 10 42.5 0.06 4.74 0.75 5.49 2 live-bed round 1 0 
375 45 0.7 10 41.5 0.08 4.84 1.05 5.89 2 live-bed round 1 0 
375 45 1.1 10 39.5 0.12 5.06 1.65 6.71 2 live-bed round 1 0 
375 45 1.3 10 38.5 0.14 5.17 1.95 7.12 2 live-bed round 1 0 
375 45 1.5 10 37.5 0.17 5.30 2.25 7.55 2 live-bed round 1 0 
375 45 1.7 10 36.5 0.19 5.42 2.55 7.97 2 live-bed round 1 0 
375 45 1.9 10 35.5 0.21 5.56 2.85 8.41 2 live-bed round 1 0 
375 45 2.1 10 34.5 0.23 5.70 3.15 8.85 2 live-bed round 1 0 
375 45 2.3 10 33.5 0.26 5.85 3.45 9.30 2 live-bed round 1 0 
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514 45 0.5 10 42.5 0.06 6.25 0.75 7.00 2 live-bed round 1 0 
514 45 0.7 10 41.5 0.08 6.38 1.05 7.43 2 live-bed round 1 0 
514 45 1.1 10 39.5 0.12 6.65 1.65 8.30 2 live-bed round 1 0 
514 45 1.3 10 38.5 0.14 6.79 1.95 8.74 2 live-bed round 1 0 
514 45 1.5 10 37.5 0.17 6.95 2.25 9.20 2 live-bed round 1 0 
514 45 1.7 10 36.5 0.19 7.10 2.55 9.65 2 live-bed round 1 0 
514 45 1.9 10 35.5 0.21 7.27 2.85 10.12 1 live-bed round 1 0 
514 45 2.1 10 34.5 0.23 7.44 3.15 10.59 1 live-bed round 1 0 
514 45 2.3 10 33.5 0.26 7.63 3.45 11.08 1 live-bed round 1 0 
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Figure 4.39 (2a & b)   Contraction ratio effect due to different pier width on scour depth 
Table 4.29 and Figure 4.39 (a-b) presented results in terms of relative scour depth and risk 
rating for bridges assessed with regards to their contraction ratio based on the same initial 
0.00
2.00
4.00
6.00
8.00
10.00
12.00
0 0.5 1 1.5 2 2.5
R
el
at
iv
e 
sc
o
u
r 
d
ep
th
Pier width (m)
Q = 250cms
30%Q=325cms
50%Q=375cms
105%Q=514cms
a
0.00
2.00
4.00
6.00
8.00
10.00
12.00
0.00 0.05 0.10 0.15 0.20 0.25 0.30
R
el
at
iv
e 
sc
o
u
r 
d
ep
th
Contraction ratio
Q=250cms
30%Q=325cms
50%Q=375cms
b
Bridge Scour - Climate Change Effects and Modelling Uncertainties. 
 
  
FRIDAY THOMAS EKUJE  2018 211 
 
discharges and different pier widths. Figure 4.38a show scour depth results for pier widths of 
0.5m, 0.7m, 1.1m, 1.3m, 1.5m, and 1.7m 1.9m, 2.1m and 2.3m while Figure 4.38b is for 
contraction ratio of 0.06, 0.08, 0.12, 0.14, 0.17, 0.19, 0.21, 0.23 and 0.26 corresponding to the 
pier widths above. From Table 4.37, it can be seen that pier(s) with smaller widths have 
contraction ratios close to zero (0), while the wider piers have contraction ratios farther away 
from 0. The piers with the smaller widths, as the table shows, have relative scour depth values 
lower than those which have wide piers and therefore lower risk rating. For instance, the 0.5m 
pier and contraction ratio of 0.06 has a scour risk of 3 due to relative scour depth of 3.99 for 
the 250-cubic metre per second for the initial discharge Q, SPR of 3 for the 30% of Q (325cms) 
and DR of 4.90, SPR of 2 (DR = 5.49) for the 50% of Q and SPR of 2 (DR = 7.00) for the 
105% of the initial discharge Q. Based on the contraction ratio due to the 0.5m pier, both the 
scour depth and the scour risk increases are lower  compared to the 0.7m – 2.3m piers. As the 
contraction ratio increased farther from 0 with the pier which have more effective frontal 
widths, the scour risk increased to high scour risk level as can be seen in Table 4.29 where the 
2.3m pier and contraction ratio of 0.26, has SPR of 2 and DR of 7.35 for the initial discharge 
Q (250cms), SPR of 2 (DR = 8.61) for the 30% of Q, SPR of 2 (DR = 2) for the 50% of Q and 
SPR of 1 (DR = 11.08) for the 105% of initial discharge Q. 
Table 4.29 and Figure 4.38a show the differences in the relative scour depth for the discharges 
between the wide pier widths and the smaller pier width (0.5m) which has a corresponding 
contraction ratio (CR) of 0.06. For the pier widths of 0.5m (CR=0.06) and 0.7m (CR=0.08) the 
difference in the scour depth is 0.38 representing 9 percent for Q, 0.39 (8%) for 30% of Q, 0.40 
(7%) for 50% of Q and 0.41 (6%) for 105% of Q. The percentage differences in the relative 
scour depths increases as the pier width increases as shown in the table where the highest 
difference is between the 2.3m (CR = 0.23) and 0.5m (CR = 0.06) pier widths For a bridge 
which has wider effective frontal pier width, the scour depth and the percent difference with 
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the least pier width could exceed as presented in Table 4.30 and as reflected in Figure 4.39a 
below.  
The differences between contraction ratios of the successive immediate pier widths are also 
shown in Table 4.30 and Figure 4.39b. Scour depth difference due to contraction ratio (0.14 
and 0.12) for 1.3m and 1.1m pier widths is 0.39, equivalent to 7.53% for the initial discharge 
Q, 0.39 (6.65%) for 30% of discharge Q, 0.41 (6.21%) for 50% of Q and 0.42 (5.36%) for 
105% of the initial discharge Q. There is marginal differences with regards to the scour depth 
due to contraction ratio as the width of the piers are wider downward as shown in Table 4.38 
and a slight percentage difference between the piers as Figure 4.40b shows in a stepped skew 
to the left of the bar chart diagram. This also can be seen in the difference due to contraction 
ratio (CR of 0.26 and 0.23) for pier widths 2.3m and 2.1m where the scour depth is 0.34 (4.92%) 
for the initial discharge Q, 0.43 (5.30%) for 30% of Q, 0.45 (5.06%) for 50% of Q and 0.48 
(4.55%) for the 105% of the initial discharge. 
From the previous result, the least scour depth and percentage difference because of contraction 
ratio could be 0.34 or 4.92% or less and 4.08 (equivalent to about 84%) or higher where a 
bridge stock is large. With this, bridge managers can have rough idea of the differences in the 
scour depth of their bridges prior to inspection. The difference can be significant between the 
contraction ratios due to wider piers in relation to the less wide piers.  This high differences 
observed due to contraction ratios of a bridge due to pier widths requires careful consideration 
during design.  
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Table 4.29 Relative scour depth due to contraction ratio based on pier width 
 
DR diff from 
0.06 CR 
% diff from 
0.06 CR 
Discharge 
(cms) 
DR diff btw 
piers of CR % diff  
Q 
  
250 0.38 9.40 
30% of Q 325 0.39 8.00 
50%of Q 375 0.40 7.34 
105% of Q 514 0.43 6.12 
Q (250cms) 0.38 9 250 0.76 14.36 
30% Q(325cms) 0.39 8 325 0.80 13.54 
50%Q(375cms) 0.40 7 375 0.82 11.03 
105%Q(514cms) 0.43 6 514 0.87 17.02 
Q 1.14 28 250 0.39 7.53 
30% of Q 1.19 24 325 0.41 6.65 
50%of Q 1.22 22 375 0.42 6.21 
105% of Q 1.30 19 514 0.45 5.36 
Q 1.52 38 250 0.39 7.07 
30% of Q 1.59 33 325 0.41 6.31 
50%of Q 1.64 30 375 0.42 5.93 
105% of Q 1.75 25 514 0.45 5.16 
Q 1.91 48 250 0.39 6.68 
30% of Q 2.00 41 325 0.42 6.01 
50%of Q 2.06 38 375 0.43 5.67 
105% of Q 2.20 31 514 0.46 4.98 
Q 2.31 58 250 0.36 5.78 
30% of Q 2.42 49 325 0.42 5.75 
50%of Q 2.49 45 375 0.43 5.44 
105% of Q 2.66 38 514 0.47 4.82 
Q 2.67 67 250 0.34 5.12 
30% of Q 2.84 58 325 0.43 5.51 
50%of Q 2.92 53 375 0.44 5.24 
105% of Q 3.12 45 514 0.47 4.68 
Q 3.01 75 250 0.34 4.92 
30% of Q 3.27 67 325 0.43 5.30 
50%of Q 3.36 61 375 0.45 5.06 
105% of Q 3.60 51 514 0.48 4.55 
Q 3.36 84 250 
 
30% of Q 3.70 75 325 
50%of Q 3.81 69 375 
105% of Q 4.08 58 514 
Bridge Scour - Climate Change Effects and Modelling Uncertainties. 
 
  
FRIDAY THOMAS EKUJE  2018 214 
 
 
 
Figure 4.40  3 Percentage difference in the scour depth based on contraction ratio from 
the 0.5m pier width (b) Percentage difference in scour depth based on contraction ratio 
between immediate piers. 
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4.9.3 Contraction ratio due to channel with and pier spacing 
Table 4.30 Scour depth due to contraction ratio for different channel widths and the same pier width 
Discharge Channel 
width (m) 
Width of 
pier(m) 
Sediment 
size (mm) 
Contraction 
width 
Contraction 
ratio 
Contract. 
Scour(m) 
Local 
scour(m) 
Relative 
scour 
depth 
Scour 
Priority 
Rating 
Transport 
condition 
Pier 
shape 
DF Skew 
(deg) 
250 30 0.5 5 27.5 0.083 6.78 0.75 7.5283 2 live-bed round 1 0 
250 35 0.5 5 32.5 0.071 5.91 0.75 6.6592 2 live-bed round 1 0 
250 40 0.5 5 37.5 0.063 5.24 0.75 5.9875 2 live-bed round 1 0 
250 45 0.5 5 42.5 0.056 4.70 0.75 5.4518 2 live-bed round 1 0 
250 50 0.5 5 47.5 0.050 4.42 0.75 5.1707 2 live-bed round 1 0 
325 30 0.5 5 27.5 0.083 8.34 0.75 9.0903 2 live-bed round 1 0 
325 35 0.5 5 32.5 0.071 7.32 0.75 8.0671 2 live-bed round 1 0 
325 40 0.5 5 37.5 0.063 6.52 0.75 7.27 2 live-bed round 1 0 
325 45 0.5 5 42.5 0.056 5.88 0.75 6.6303 2 live-bed round 1 0 
325 50 0.5 5 47.5 0.050 5.35 0.75 6.1046 2 live-bed round 1 0 
375 30 0.5 5 27.5 0.083 9.30 0.75 10.0496 2 live-bed round 1 0 
375 35 0.5 5 32.5 0.071 8.19 0.75 8.9373 2 live-bed round 1 0 
375 40 0.5 5 37.5 0.063 7.32 0.75 8.0671 2 live-bed round 1 0 
375 45 0.5 5 42.5 0.056 6.62 0.75 7.366 2 live-bed round 1 0 
375 50 0.5 5 47.5 0.050 6.04 0.75 6.7882 2 live-bed round 1 0 
514 30 0.5 5 27.5 0.083 11.92 0.75 12.6741 1 live-bed round 1 0 
514 35 0.5 5 32.5 0.071 10.38 0.75 11.1268 1 live-bed round 1 0 
514 40 0.5 5 37.5 0.063 9.34 0.75 10.0855 1 live-bed round 1 0 
514 45 0.5 5 42.5 0.056 8.49 0.75 9.2398 2 live-bed round 1 0 
514 50 0.5 5 47.5 0.05 7.79 0.75 8.5377 2 live-bed round 1 0 
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Figure 4.41(a) Scour depth – channel width plot (b) graph showing contraction ratio 
effect on scour depth due to different channel widths 
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Table 4.31and Figures 4.41 show results in terms of scour depths and bridge scour risks under 
different contraction ratios with regards to different channel widths. The values are for the same 
sediment size and angle of attack. At the initial discharge of 250cubic metre per second, the 
30m channel has a contraction ratio (CR) of 0.08. The relative scour depth (DR) due to its 
contraction ratio is 7.52 which translates to a scour rating (SPR) of 2. The 35m channel (CR of 
0.07) has relative scour depth of 6.65 (SPR of 2). For the same discharge of 250cms discharge, 
the 40m (CR = 0.063), 45m (CR = 0.056) and 50m (CR = 0.05) channels have relative scour 
depths of 5.98, 5.45 and 5.17 respectively. This can also be seen in Figures 4.39a-b above. At 
this discharge, relative scour depth and the contraction scour depth reduces due to the 
contraction ratio relative to the channel widths as in Table 4.31 with the smaller channel width 
which has a higher contraction ratio (CR of 0.083) with the highest scour depth as further 
shown in Figure 4.41a - b.  
With the application of the climate change factor to the initial discharge Q of 250cms, the 
relative scour and contraction scour depths increase but the scour risk rating for the 30% (i.e. 
325cms) and 50 % of Q (375cms) still remain at category 2 for each of the channel widths. For 
the 105% of the initial discharge (514cms), the scour rating risks and relative scour depths for 
channels (30m, 35m, 40m, 45m and 50m) with corresponding contraction ratios of (0.08, 0.073, 
0.063, 0.56 and 0.050) are 1 (DR = 12.6741), 1 (DR = 11.1268), 1 (DR = 10.0855), 2 (DR = 
9.2398) and 2 (DR = 8.5377) respectively.  
Table 4.32 and Figure 4.42a, which are deduced from Table 4.31, show the differences in the 
relative scour depths between the wide channels from the 30m channel while Figure 4.41b and 
Table 4.32 show the differences between each immediate channel widths. From Table 4.32, 
the difference in the scour depth for the bridges between 35m (CR = 0.07) and 30m (CR = 
0.08) channels is an average of 11 % at depths of 0.87 for Q (250cms), 1.02 for 30% of Q 
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(325cms), 1.11 for 50% of Q (375cms) and 1.55 for 105% of Q (514cms). The difference 
between 40m (CR = 0.063) and 35m (0.056) channel bridges is an average of 20 percent at 
scour depths of 1.54 (250cms), 1.82 (325cms), 1.98 (375cms) and 2.58 (514cms). For 45m and 
40m channel, the percentage difference is average of 27 with a high scour depth of 3.43 
between them at the 514cms discharge. Very high difference exist  between the 50m and the 
45m channel with average percentage difference of 32 at scour depths varying from 2.36 for 
the initial discharge Q to 4.14 for the 105% of Q (514cms). Scour depths can vary from a low 
of 0.87 (at low discharge) to above 4.14 (at high discharges) with regards to differences 
between the wide channels and the less wide channel which could be significantly a wide 
difference thus the effect of climatic change. 
Table 4.31   Difference in scour depth due to contraction ratio for channel widths 
 
Discharge DR diff from 30m % diff DR diff btw 
Channel widths 
% diff channel 
widths 
Q 250 
  
0.87 11.54 
30% of Q 325 
  
1.02 11.26 
50%of Q 375 
  
1.11 11.07 
105% of Q 514 
  
1.55 12.21 
Q 250 0.87 12 0.67 10.09 
30% of Q 325 1.02 11 0.80 9.88 
50%of Q 375 1.11 11 0.87 9.74 
105% of Q 514 1.55 12 1.04 9.36 
Q 250 1.54 20 0.54 8.95 
30% of Q 325 1.82 20 0.64 8.80 
50%of Q 375 1.98 20 0.70 8.69 
105% of Q 514 2.59 20 0.85 8.39 
Q 250 2.08 28 0.28 5.16 
30% of Q 325 2.46 27 0.53 7.93 
50%of Q 375 2.68 27 0.58 7.84 
105% of Q 514 3.43 27 0.70 7.60 
Q 250 2.36 31 
  
30% of Q 325 2.99 33 
  
50%of Q 375 3.26 32 
  
105% of Q 514 4.14 33 
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Figure 4.42  Percentage difference in the scour depth based on (a) contraction ratio 
from the 30m width channel (b) contraction ratio between consecutive immediate 
channel widths. 
Furthermore, from Table 4.32 and Figure 4.42b, with regards to contraction ratio, the 
percentage difference between the immediate channels varies from 5.16% to 12.21% and 0.28 
for Q to 1.55 (at 105% of Q) with regards to scour depth. In comparison with the scour 
differences between the wide channels and the least width channel, the difference are 
negligible. In addition, scour depth due to contraction ratio with regards to pier width discussed 
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in section 4.9.1 is much more significant as differences up to 84 percent can be encountered. 
All these would assist to make informed decisions by bridge managers as changes in global 
and environmental weather conditions would impact on infrastructure especially bridges with 
respect to scouring of its foundations as well as bridge designers. 
 Scour priority rating and management intervention 
Scour priority rating is a numerical rating associated with bridge structures with a view to 
determine severity of scour (Chen and Duan, 1999). It is primarily for decision making by 
organisations managing infrastructural facilities. Different models of priority ratings exist 
however, their primary purpose is the same. In the Highway Code, it is ordinal indicating the 
severity or otherwise of scour risk at a bridge ranging between 1 – 5 where 1 represents high 
risk and 5 low risk (Design Manual for Roads and Bridges, 2012) as shown in Figure 4.43 
below. 
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Figure 4.43  Scour priority rating (Source: Highway Agency, 2012)
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Scour priority rating is desired to elucidate effective intervention based on the risk rating for 
the purpose of providing a desirable action plan. Therefore, it is of importance in flexible 
decision making with regards to prioritizing action and resources on scoured bridges.  
The following are possible decisions that may arise due to the scour priority ratings due to the 
results discussed in this chapter.   
Scour priority rating 1: It is the highest risk rating. Possible decisions for this rating where 
scour depth is not excessive beyond the foundation depth of the affected pier, scour protection 
measure could be undertaken. Where it is excessive and damage detected, especially for long 
bridges with several spans, bridge closure should be envisaged and a comprehensive plan of 
replacement of the affected pier/foundation would be advisable similar to that undertaken for 
the bridge shown in Figure 4.44 below. Besides, planned scheduled monitoring and inspection 
is required to be carried out for high sour risk bridges, especially bridges on scour rating 1 and 
2. 
 
Figure 4.44  Replacement action for scoured foundation of Niger Bridge, Onitsha, Nigeria 
Replacement process 
for pier and 
foundation  
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Scour priority rating 2: This is also a high scour rating. Similar decision for SPR 1 may be 
likely. Besides, planned scheduled monitoring and inspection is required to be carried out for 
high sour risk bridges, especially bridges on scour rating 2. 
Scour priority rating 3: This is a low risk rating. This rating indicates non-alarming scour at 
bridge piers. Where scours of this rating exists as a result of clear – water conditions, inspection 
after major floods should be carried out as they may likely develop progressively unnoticed.  
Scour priority rating 4 and 5. These are the lowest risk ratings for scour for the highway scour 
assessment code. Scour priority rating 1 requires no action (Highway Agency, 2012) as the 
total scour depth at this rating is 1.0m only. Scour priority ratings 4 are for total scour depths 
about the base of bridge foundations. Bridges of this rating will only require occasional 
inspections during or after floods to detect potential for further increase in scour depth. 
 Bridges of Unknown foundation 
In the assessment of scour using standards, foundation depth is one of the most critical factors 
affecting scour at a bridge pier/foundation. It follows, therefore, that any lack of knowledge of 
foundation details and, especially, depth would pose challenges during the scour assessment 
process. A great number of bridges in the USA were reported by Stein and Sedmera (2006) to 
be of unknown foundations having posed significant management problems. According to 
Briaud et al. (2012), it makes monitoring the safety of bridges difficult especially those 
designated as being scour critical.  
Given the importance of bridges in the road network and the scale of the number with unknown 
foundations, the US embarked on intensive identification with a view to determining their 
depths and thus reduce the magnitude in terms of number as stated in Stein and Sedmera (2006) 
and uncertainties as further emphasised in Briaud et al. (2012). Several methods are discussed 
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in Briaud et al. (2012) including Artificial Neural Network methods which can be found in 
Yousefpour et al. (2011) and Kaya (2010), electrical resistivity imaging, probabilistic Bayesian 
inference method and evidence based methods by comparison with information of similar 
bridges with known foundation depths. Other methods for determining unknown bridge 
foundations include, but not limited, according to Coe & Kermani (2016) who used both 
borehole radar and borehole ultrasound in determining depth of unknown foundations and in 
addition made comparison between the two methods. Mercado and Neill (2003) discuss the 
method of seismic surveys and Hossain et al (2013) equally discuss different methods and 
makes comparisons between them. All these methods, irrespective of their advantages or 
disadvantages in relation to each other, they have helped in both monitoring of scour and 
determining the depth of bridge foundations that had been hitherto unknown. And this in turn 
has been helpful in ascertaining scour risk rating of such bridges which has assisted 
organisations such as Highway Agency and Rail Network, amongst others, to prioritize the 
management/maintenance of their bridges. This has helped this research as it has been revealed 
that despite these technologies, some bridges continue to have their foundation depths unknown 
but which must have their scour risk ratings known long as they continue to be part of the 
bridge stock. Given this scenario, the suggestions in RSSB (2004) and Lamb et al (2017) were 
followed for bridges of unknown foundations in this research as explained herein. 
In a similar vein, approximately 1,300 railway bridges in the UK were investigated for risk of 
scour from which many were found to be of unknown and shallow foundations (Watson, 1990). 
In RSSB (2004), coring of railway masonry bridges was adopted alongside with reports of 
underwater examination. Following these methods, those bridges whose foundations may not 
be precisely determined would continue to be problematic with regards to assessment of their 
scour. Recognising these scenarios, RSSB (2004) recommended a 1.0m foundation depth to be 
assumed for the purpose of assessment of scour risk of unknown foundations. As stated by 
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Lamb et al. (2017) unknown foundation depths are likely to be highly sensitive to risk of 
flooding due to changing environmental climatic conditions. As a result, in this research the 
minimum foundation depth of 1.0m was used in the scour risk assessments carried out based 
on the recommendation of contained in Lamb et al (2017) and RSSB (2004). 
 Bridges with known foundation 
In a question eliciting the most important factors for consideration in assessing risk of scour at 
bridges, foundation depth was ranked third out of 8 and also had a high score with regards to 
relevance (Lamb et al., 2017). It was stressed that ‘known foundation depth is vital to 
ascertaining vulnerability of bridges to scour’ (Lamb et al., 2017). Bridges of known depths 
are significant to determining the level of their susceptibility to scour as their potential to scour 
can be evaluated. Irrespective of the depth of a foundation scour takes place. However, the 
factors that determine the extent of the depth of scour are type of sediment in the river channel 
i.e if it is clay, rock or alluvial bed material, size of sediments, volume of flow, pier type and 
width as well as angle of attack. Given the importance of known depth of bridge foundations 
in the assessment of scour, Network Rail intensified their efforts in determining depth of 
bridges in their management (RSSB, 2004); similar efforts have also been followed by the US 
Federal Highway Agency (Briaud et al., 2012). Several bridges had their foundation depths 
identified thus reducing the number of those with unknown foundation depths and 
recommendations made in respect of them. In BD97/12 and van Lueewen & Lamb (2014) a 
minimum of 1.0m foundation depth has been recommended to use in the assessment of scour 
for bridges with unknown foundations. 
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 Railway assessment code EX2502 
All the previous analyses were based on the use of the BD 97/12 scour risk assessment 
procedure. For comparisons purposes, a number of analyses have also been carried out by using 
the railway scour assessment code EX2502. Figure 4.45 shows comparative results, in terms 
of total scour depths for a channel width of 120m, between the two assessment codes for 
different river discharges. As can be seen, the EX2502 predictions are insensitive to river 
discharge but the BD 97/12 predictions increase with increasing discharge values. The priority 
risk rating obtained for all the discharges is equal to 2. The reason for EX2502 not responding 
to increased discharge, as discussed in chapter 3, is the fact that flow depth in the assessment 
code is based on an empirical flow depth – width of channel relationship. Hence the results 
shown in Figure 4.45  indicates that changes in discharges due to climate change will not lead 
to any changes in scour risk ratings of bridges assessed using EX2502 in contrast to BD 97/12 
which can capture the effects of climate change.  
 
Figure 4.45  Total scour depth of EX2502 in comparison with BD97/12 for increasing 
discharges. 
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Figure 4.46  Scour depth of EX2502 and modified EX2502 
Figure 4.46 show updated predictions using the EX2502 modified scour assessment procedure, 
which was suggested in chapter 3.  The results are shown in terms of the total scour depth for 
increasing discharges and compared to the original EX2502 predictions shown previously. The 
modified EX2502 method can be seen to be capable of capturing the effect of discharge 
changes on scour depth and, thus, risk rating. It is evident that the original EX2502 can be 
overly conservative, as it can be seen to over-predict scour depth for all the investigated 
discharges. This may be justifiable perhaps from the design point of view, where conservatism 
can lead to safety, but from the assessment of existing bridges point of view, this conservatism 
may lead to unnecessary interventions on the bridge, where they may not be required.  
 Summary 
Results of assessed scour risk based on the BD 97/12 highway scour assessment code were 
presented in this chapter. It was observed that scour depth and hence scour risk increased due 
to increased discharge when the climate change factors of 30%, 50% and 105% developed for 
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United Kingdom (UK) by the Environment Agency were applied on peak discharge. With 
regards to foundation depths, foundations with higher depths were found to have lower number 
of bridges on high scour risk rating than those with low depths. The influence of foundation 
depth, angle of attack, sediment sizes and channel contraction ratio on scour risk was explicitly 
quantified; the effect of pier shape on scour risk was found to be significantly lower as 
compared to the previous parameters. For different channel types, it was found that the effect 
of climate change on scour of bridges over narrow, intermediate and wide channels would be 
dependent on river discharge. However, narrow and wider channels have bridge scour ratings 
of 20%, 33% and 67% differences between the initial peak discharge and the 30%, 50% and 
105% allowance discharges while intermediate channels had lower differences of 
approximately 12%, 19% and 33% respectively. Therefore, narrow and wider channels will 
have bridges translating from lower scour risk ratings into higher risks than bridges on 
intermediate channels. This is expected as velocity of flow in wide channels are fast while 
narrow channels have steeper slopes such that increased discharge could course fast sediment 
entrainment. The results obtained showed that bridges on narrow channels with small 
discharges have medium to low scour risk ratings of 3 for the current (i.e. initial) and climate 
change factored discharges. A comparative study between the predictions of the highway and 
railway scour assessment codes showed that the railway code overestimated scour depths given 
its limitations with regards to flow depth which cannot account for changes in discharge due to 
climate change effect on bridge scour. This was updated with state of the art formula and 
compared with BD97/12. 
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CHAPTER FIVE  
 
 
COMPARISON OF FIELD 
MEASUREMENTS WITH BD97/12 
SCOUR PREDICTIONS 
5.1 Introduction 
The results discussed in Chapter 4 showed that climate change may exacerbate the scour risk 
and increase the risk rankings of bridges due to increasing river flows. Reliable estimation of 
channel scour at bridge piers is important in the design, monitoring and maintenance of the 
bridge piers (Park et al., 2017) in terms of taking efficient decision throughout the life cycle of 
a bridge structure. One of the challenges associated with the use of empirical scour models in 
scour assessment codes is the fact that, because they were developed under idealised laboratory 
conditions, they may not always be representative of actual field conditions, often leading to 
deviations between the model predictions and what is observed on site. Comparisons of field 
measurements with model predictions can provide invaluable information about the accuracy 
of the code models and their likelihood of over- or under-predicting scour depths.  
The predictive capability of US Highway Hydraulic Engineering Circular (HEC) used for the 
assessment of scour has been evaluated in the US using available field data in terms of scour 
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measurements in actual bridges. This has been the largest initiative worldwide of comparing 
code predictions with field measurements. In the UK, predictions obtained from the scour 
assessment codes, BD9/712 and EX2505, have not been evaluated with respect to field data. 
In this chapter, the predictions obtained from the scour models used in the BD 97/12 highway 
scour assessment code are compared with large field data sets available in the United States. 
The need to evaluate the accuracy of the BD 97/12 predictions is important since this will assist 
in understanding the uncertainties associated with both modelling as well as lead to more 
reliable climate change predictions.  
5.2 Scope of the analysis 
The analysis carried out in this chapter focused on pier scour only, based on availability of field 
measurement data which is more abundant for piers than abutments. The field data used for the 
comparisons comprise a total of 92 bridges with 508 local scour measurements. The field 
measurements were analysed by using smaller datasets within the large database considering 
type of bed material, pier shape and bed load material transport. 
The results were validated statistically to test how well the highway scour equation predicts 
field observed scour.  The statistical tests carried out were estimating the coefficient of 
determination (𝑅2), Mean Absolute Deviation (MAD) also known as Mean Absolute Error 
(MAE), Root Mean Square Error (RMSE) and Theil’s coefficient (U). A good prediction was 
considered as any parameter that has lower values of MAD, RMSE and Theil’s coefficient 
while a value closer to 1 for the case of coefficient of determination. Statistical distributions 
were then fitted to the data to describe them analytically and proposed modelling uncertainty 
factors that can used with the existing scour models to update their predictions.  
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5.3 Bridge scour equations 
Several researches undertaken in the past established equations for estimating local scour 
depths at bridges crossing rivers derived mainly from laboratory experiments. Most of the 
equations do not present satisfactory predictions when compared with real field data but yield 
acceptable values for laboratory data (Khan et al., 2012). Therefore, there is no consensus 
accepting which of these proposed equations is the best. Some of these equations commonly 
used in the assessment of scour are discussed below. 
5.3.1 Laboratory methods 
Numerous empirically-derived laboratory equations for the estimation of scour at bridge piers 
have been provided in the scientific literature in the past few decades. Many of the local scour 
equations were mostly derived by analysing laboratory data of idealised models of typical 
bridge crossings (Melville and Coleman, 2000). The formulated scour models express local 
scour depth at bridge piers and abutments as a function of bridge geometry (pier width, shape 
length and angle of flow or skew), channel bed material properties (sediment diameter ) and 
flow characteristics (flow depth and approach average flow velocity). The functional 
parameters in the local scour equation for predicting local scour at bridge piers are indicated in 
Equation (5.1). 
𝑦 = 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛{𝑓𝑙𝑜𝑤 (𝜌, 𝑣, ℎ, 𝑉, 𝑔), 𝑝𝑖𝑒𝑟(𝑙, 𝑏, 𝑠, 𝛼), 𝑏𝑒𝑑 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (𝜌𝑠, 𝑑𝑠, 𝜎𝑔)                 (5.1)  
where 𝑣 = 𝑘𝑖𝑛𝑒𝑚𝑎𝑡𝑖𝑐 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦;  𝜌 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑓𝑙𝑖𝑢𝑑; ℎ = 𝑓𝑙𝑜𝑤 𝑑𝑒𝑝𝑡ℎ; 𝑉 =  𝑎𝑝𝑝𝑟𝑜𝑎𝑐ℎ 
𝑓𝑙𝑜𝑤 𝑚𝑒𝑎𝑛 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦; 𝑔 =  𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑑𝑢𝑒 𝑡𝑜 𝑔𝑟𝑎𝑣𝑖𝑡𝑦; 𝜌𝑠 =
𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑏𝑒𝑑 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙; 𝑑𝑠 = 𝑏𝑒𝑑 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑠𝑖𝑧𝑒; 𝜌𝑠 = 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑;   𝑙 =
 𝑝𝑖𝑒𝑟 𝑙𝑒𝑛𝑔𝑡ℎ;  𝑏 = 𝑝𝑖𝑒𝑟 𝑤𝑖𝑑𝑡ℎ; 𝑠 = 𝑝𝑖𝑒𝑟 𝑠ℎ𝑎𝑝𝑒;  𝛼 = 𝑓𝑙𝑜𝑤 𝑠𝑘𝑒𝑤 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑜 𝑝𝑖𝑒𝑟  
𝑎𝑙𝑖𝑔𝑛𝑚𝑒𝑛𝑡.   
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From the functional relation between the parameters expressed in Eq. (5.1), different local 
scour equations have been derived through different parametric considerations of these scour 
influencing factors. 
The early proponents in the formulation of local scour depth equations include Laursen (1958), 
Breusers (1965), Blench (1969) and Larras (1963). From series of laboratory experiments 
under live-bed flow conditions, Laursen (1958) derived the pier local scour depth equation 
below: 
                                              
𝑑𝑠
𝑏
= 1.11(
𝑦
𝑏
)0.5                                                                      (5.2)                                                                                                
where  𝑑𝑠 =  𝑠𝑐𝑜𝑢𝑟 𝑑𝑒𝑝𝑡ℎ ; 𝑏 =  𝑝𝑖𝑒𝑟 𝑤𝑖𝑑𝑡ℎ; 𝑦 = 𝑓𝑙𝑜𝑤 𝑑𝑒𝑝𝑡ℎ. 
Under regime flow conditions, Blench (1969) proposed the scour depth equation shown below:      
                                             
𝑑𝑠
𝑏
 = 1.8(
𝑦𝑟
𝑏
)0.75 − 
𝑦
𝑏
                                                       (5.3)                                                                                                                                                               
where 𝑦𝑟 = 𝑟𝑒𝑔𝑖𝑚𝑒 𝑑𝑒𝑝𝑡ℎ = 1.48(
𝑞2
𝐹𝐵
)1/3.  𝑊ℎ𝑒𝑟𝑒 𝐹𝐵 = 1.9(𝑑)
0.5;  (𝑑) 𝑖𝑠 𝑖𝑛 𝑚𝑚 𝑎𝑛𝑑 
𝑞 𝑖𝑛 𝑚2 𝑠⁄ . 
In 1992, Melville developed a model for estimating scour depth termed bridge foundation from 
an extensive bridge scour research program at University of Auckland, New Zealand. The 
research was based on K-factor empirical relations that accounted for a number of factors of 
local scour depth at piers and abutments, including flow intensity, approach flow depth, 
sediment size, foundation/pier shape size, length and skew/alignment and geometry of 
approach channel. Melville derived the scour model by evaluating the K-factors with fitted 
envelope curves to pier and abutment data. The scour depth equation that was suggested is 
indicated in Eq. (5.4) below. Melville (1977) noted that the scour equation applies to local 
scour for bridges with insignificant contraction ratio between the channel width and that of the 
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bridge opening. The K-factor correction parameters enabled estimation of scour for different 
types of pier and abutments (Gülbahar, 2009). 
                                         𝑑𝑠 = 𝐾𝑦𝑏 𝐾𝐼𝐾𝑑𝐾𝑠𝐾𝜃𝐾𝐺                                                                (5.4) 
𝑤ℎ𝑒𝑟𝑒  𝑑𝑠 = 𝑙𝑜𝑐𝑎𝑙 𝑠𝑐𝑜𝑢𝑟 𝑑𝑒𝑝𝑡ℎ;  𝐾𝑦𝑏 = 𝑑𝑒𝑝𝑡ℎ 𝑠𝑖𝑧𝑒;  𝐾𝐼 = 𝑓𝑙𝑜𝑤 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦; 𝐾𝑑 =
𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑠𝑖𝑧𝑒; 𝐾𝑠 =  𝑝𝑖𝑒𝑟  𝑜𝑟 𝑎𝑏𝑢𝑡𝑚𝑒𝑛𝑡 𝑠ℎ𝑎𝑝𝑒;   𝐾𝜃 =
 𝑝𝑖𝑒𝑟 𝑜𝑟 𝑎𝑏𝑢𝑡𝑚𝑒𝑛𝑡 𝑎𝑙𝑖𝑔𝑛𝑚𝑒𝑛𝑡 𝑎𝑛𝑑 𝐾𝐺 = 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑦.  
                                𝐾𝑦𝑏 =  
{
 
 
 
 [2.4𝑏     𝑓𝑜𝑟  
𝑏
ℎ⁄ < 0.7               ]
[2.0√𝑏ℎ       𝑓𝑜𝑟 0.7 <  𝑏 𝑏⁄ < 5]
[ 4.5ℎ              𝑓𝑜𝑟       𝑏 ℎ⁄ > 5   ]}
 
 
 
 
                                      (5.5)                                                      
The above equation, being a modification of Melville and Sutherland (1988), is however 
consistent except for the corrective factors accounted for in Melville (1977) with regards to 
expressing relationship between scour depth and pier geometry as well as flow characteristics. 
Melville and Sutherland’s equation, Eq. (5.6), is applicable to the largest likely scour depth at 
cylindrical piers of 2.4𝐷, 𝑤ℎ𝑒𝑟𝑒 𝐷 =  𝑝𝑖𝑒𝑟 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 as stated below. 
                                     
ds
b
= 𝐾𝐼𝐾𝑦𝐾𝑑𝐾𝑠𝐾𝜃                                                                           (5.6) 
𝑤ℎ𝑒𝑟𝑒  𝑑𝑠 = 𝑙𝑜𝑐𝑎𝑙 𝑠𝑐𝑜𝑢𝑟 𝑑𝑒𝑝𝑡ℎ; 𝑏 = 𝑝𝑖𝑒𝑟 𝑤𝑖𝑑𝑡ℎ;  𝐾𝑦  = 2.4𝐷; 𝐾𝑦 =
𝑓𝑙𝑜𝑤 𝑑𝑒𝑝𝑡ℎ 𝑓𝑎𝑐𝑡𝑜𝑟; 𝐾𝑑 = 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑠𝑖𝑧𝑒 𝑓𝑎𝑐𝑡𝑜𝑟; 𝐾𝑠 = 𝑝𝑖𝑒𝑟  𝑠ℎ𝑎𝑝𝑒; 𝐾𝜃 =
𝑝𝑖𝑒𝑟 𝑎𝑙𝑖𝑔𝑛𝑚𝑒𝑛𝑡.  
For flow aligned to piers Equation 5.6 becomes:  
                                     𝑑(𝑠)𝑚𝑎𝑥 = 2.4𝐾𝑠𝐾𝑑𝑏                                                                        (5.7) 
where 𝑑(𝑠)𝑚𝑎𝑥 = 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑙𝑜𝑐𝑎𝑙 𝑠𝑐𝑜𝑢𝑟 𝑑𝑒𝑝𝑡ℎ. 
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The US Department of Transportation estimates local scour depths at bridge piers using the 
Colorado State University (CSU) equation adopted in the Federal Highway Administration 
Hydraulic Engineering Circular No. 18 code-named HEC-18. The CSU equation developed by 
fitting laboratory data for circular piers had undergone a series of modifications with the 
incorporation of Froude number and sediment transport mode factor (Melville and Coleman, 
2000). The scour model suggested in the fourth edition of HEC-18 (Richardson and Davis, 
2001) is shown below: 
                                    
𝑑𝑠
𝑏
= 2.0𝐾1𝐾2𝐾3𝐾4 (
𝑦
𝑏
)
0.65
𝐹𝑟0.43                                                     (5.8) 
 𝑤ℎ𝑒𝑟𝑒 𝑑𝑠 = 𝑙𝑜𝑐𝑎𝑙 𝑠𝑐𝑜𝑢𝑟 𝑎𝑡 𝑡ℎ𝑒 𝑝𝑖𝑒𝑟;   𝑏 = 𝑎𝑝𝑝𝑟𝑜𝑎𝑐ℎ 𝑓𝑙𝑜𝑤 𝑑𝑒𝑝𝑡ℎ;               𝐾1 =
𝑝𝑖𝑒𝑟 𝑛𝑜𝑠𝑒 𝑠ℎ𝑎𝑝𝑒 𝑐𝑜𝑜𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟; 𝐾2 = 𝑠𝑘𝑒𝑤 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟;   𝐾4 =
𝑏𝑒𝑑𝑓𝑜𝑟𝑚 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (𝑏𝑒𝑑 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑎𝑟𝑚𝑜𝑢𝑟𝑖𝑛𝑔); 𝐹𝑟 =
𝐹𝑟𝑜𝑢𝑑𝑒 𝑛𝑢𝑚𝑏𝑒𝑟;  𝑎𝑛𝑑 𝑦 = 𝑝𝑖𝑒𝑟 𝑤𝑖𝑑𝑡ℎ 
The maximum local scour depths, dependent on Froude number’s limits, are shown below, as 
recommended in the HEC-18 fourth edition.  
                                       𝑑(𝑠)𝑚𝑎𝑥 = 2.4𝑏    𝑓𝑜𝑟 𝐹𝑟  ≤ 0.8                                                          5.9      
                                  𝑑(𝑠)𝑚𝑎𝑥 = 3.0𝑏   𝑓𝑜𝑟  𝐹𝑟  >  0.8                                                        5.10  
Researchers who have developed local scour depth equations based on laboratory data since 
the past decades include Hancu (1971), Coleman (1971), Jain and Fischer (1981),  Breusers 
and Raudkivi (1991), Melville and Sunderland (1988) and others as shown in Table 5.1 
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Table 5.1 Some selected empirical pier scour equations 
Reference Equation Notes  
Laursen (1963) 𝑑𝑠
𝑏
= 1.34 (
𝑦
𝑏
)
0.5
                 (5.11) 
For clear water scour. 𝑑𝑠 = scour depth, 𝑏 =
𝑝𝑖𝑒𝑟 𝑤𝑖𝑑𝑡ℎ 
Larras (1963) 𝑑𝑠
𝑏
= 1.05 𝐾𝑠𝐾𝜃𝑏
−0.25        (5.12) 𝐾𝑠 = 𝑓𝑜𝑢𝑛𝑑𝑎𝑡𝑖𝑜𝑛 𝑠ℎ𝑎𝑝𝑒 𝑓𝑎𝑐𝑡𝑜𝑟,  
𝐾𝜃 =
𝑓𝑜𝑢𝑛𝑑𝑎𝑡𝑖𝑜𝑛 𝑎𝑙𝑖𝑔𝑛𝑚𝑒𝑛𝑡 𝑓𝑎𝑐𝑡𝑜𝑟,  
𝑏 = 𝑝𝑖𝑒𝑟 𝑤𝑖𝑑𝑡ℎ   
Breusers 
(1965) 
𝑑𝑠
𝑏
= 1.4                              (5.13)  
Shen (1969) 𝑑𝑠  
𝑏
= 2.34 (
𝑦
𝑏
)
0.381
𝐹𝑟
0.619𝑦−0.06 
(5.14) 
𝐹𝑟 = 𝐹𝑟𝑜𝑢𝑑𝑒 𝑛𝑢𝑚𝑏𝑒𝑟,   
𝑦 = 𝑎𝑝𝑝𝑟𝑜𝑎𝑐ℎ 𝑓𝑙𝑜𝑤 𝑑𝑒𝑝𝑡ℎ 
Coleman 
(1971) 
𝑑𝑠
𝑏
= 0.54 (
𝑦
𝑏
0.19
)𝐹𝑟
1.19𝑦0.41  
(5.15) 
 
Hancu (1971) 𝑑𝑠
𝑏
= 2.42 (
𝑦
𝑏
)
1/3
𝐹𝑟
2/3
     (5.16) 
 
Niell (1973) 𝑑𝑠
𝑏
= 𝐾𝑠                           (5.17) 𝐾𝑠 = 1.5 𝑓𝑜𝑟 𝑟𝑜𝑢𝑛𝑑 − 𝑛𝑜𝑠𝑒𝑑   
𝑎𝑛𝑑 𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑟 𝑝𝑖𝑒𝑟𝑠; 𝐾𝑠 = 2.0  
𝑓𝑜𝑟 𝑟𝑒𝑐𝑡𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑝𝑖𝑒𝑟𝑠. 
Jain and 
Fischer (1980) 
𝑑𝑠
𝑏
= 1.86 (
𝑦
𝑏
)
0.5
               (5.18) 
 
Jain (1981) 𝑑𝑠
𝑏
= 1.84 (
𝑦
𝑏
)
0.3
               (5.19) 
 
Breusers and 
Raudkivi 
(1991) 
𝑑𝑠
𝑏
= 2.0𝐾𝑦𝐾𝑠𝐾𝑑𝐾𝜎𝐾𝜃     (5.20) 𝐾𝑦 = 𝑓𝑙𝑜𝑤 𝑑𝑒𝑝𝑡ℎ 𝑓𝑎𝑐𝑡𝑜𝑟; 𝐾𝑠 =  
𝑝𝑖𝑒𝑟 𝑠ℎ𝑎𝑝𝑒 𝑓𝑎𝑐𝑡𝑜𝑟; 𝐾𝑑 =
𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑠𝑖𝑧𝑒 𝑓𝑎𝑐𝑡𝑜𝑟;  𝐾𝜎  =
𝑝𝑖𝑒𝑟 𝑎𝑙𝑖𝑔𝑛𝑚𝑒𝑛𝑡 𝑓𝑎𝑐𝑡𝑜𝑟; 𝐾𝜃 =
𝑠𝑘𝑒𝑤 𝑓𝑎𝑐𝑡𝑜𝑟.  
𝐹𝑜𝑟 𝑝𝑖𝑒𝑟 𝑎𝑙𝑖𝑔𝑛𝑒𝑑 𝑡𝑜 𝑓𝑙𝑜𝑤, 𝑑(𝑠)𝑚𝑎𝑥 =
2.3𝐾𝑠𝐾𝑑𝐾𝜎𝑏 
Laursen (1958) 𝑑𝑠
𝑏
= 1.11 (
𝑦
𝑏
)
0.5
    (5.21) 
Applicable to live-bed scour. 
Melville and 
Sutherland 
(1988) 
𝑑𝑠
𝑏
=  2.4𝐾𝑦𝐾𝑑𝐾𝑠𝐾𝜃   (5.22) 𝑑𝑠(𝑚𝑎𝑥) = 2.4𝐾𝑑𝑏. For aligned flow. 
Eq. 5.21 for threshold condition. 
  
The empirical scour equations in the above table and those discussed in this sub-section have 
been found to overestimate field sour in comparative studies carried out in Qi, Li, & Chen, 
(2018), Qi et al (2016) and Ahmad, Melville, Mohammad, & Suif, (2018). Some of the 
equations have pier width as the only variable for computing scour depth while others have 
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velocity/Froude number and some a combination of factors which include pier shape, angle of 
attack and flow depth and therefore produce different scour depth values (Brandimarte, Paron, 
& Di Baldassarre, 2012) which may lead to under or overestimation of scour at bridges. 
However, the scour equations which tends to be represented by most of the parameters 
accounting for scour at a bridge is advisable to be used in predicting or assessing scour at 
bridges which the highway scour equations satisfies. 
 
5.3.2 Field methods 
Scour equations have, over the last few years, been derived by fitting to field and laboratory 
data measurements. Gao et al. (1993) developed a scour equation from bridge pier local scour 
data collected in China comprising 137 live-bed and 115 clear-water scour measurement data. 
Their equations, shown in Eq. (5.22) and (5.23) below, have been used in predicting bridge 
scour in China for nearly three decades; and has, since 1991, been modified and included in 
the Chinese Highway code for the Investigation and Design of Bridge crossings (Park et al., 
2017). 
      𝑑𝑠 = 0.78 𝐾𝑠𝑏
0.6𝑦𝑜
0.15𝐷𝑚
−0.07 (
𝑉𝑜−𝑉𝑖𝑐
𝑉𝑐− 𝑉𝑖𝑐
)   𝑓𝑜𝑟 𝑉𝑂 < 𝑉𝑐        (Clear -water)                     (5.22) 
      𝑑𝑠 = 0.65 𝐾𝑠𝑏
0.6𝑦𝑜
0.15𝐷𝑚
−0.07 (
𝑉𝑜−𝑉𝑖𝑐
𝑉𝑐− 𝑉𝑖𝑐
)
𝑐
  𝑓𝑜𝑟 𝑉𝑂 > 𝑉𝑐      (Live-bed)                          (5.23) 
 𝑤ℎ𝑒𝑟𝑒 𝑑𝑠 =  𝑠𝑐𝑜𝑢𝑟 𝑑𝑒𝑝𝑡ℎ (𝑚);  𝑏 =  𝑝𝑖𝑒𝑟 𝑤𝑖𝑑𝑡ℎ (𝑚); 𝑦𝑜 = 𝑓𝑙𝑜𝑤 𝑑𝑒𝑝𝑡ℎ 𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚; 𝐷𝑚 =
𝑏𝑒𝑑 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑚𝑒𝑎𝑛 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑠𝑖𝑧𝑒 (𝑚);  𝑉𝑜 = 𝑓𝑙𝑜𝑤 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 𝑜𝑓 𝑝𝑖𝑒𝑟 (
𝑚
𝑠⁄ ); 
𝑉𝑖𝑐 = 𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑎𝑡 𝑡ℎ𝑒 𝑝𝑖𝑒𝑟 (
𝑚
𝑠⁄ ); 𝑐 = ( 
𝑉𝑐
𝑉𝑖𝑐
⁄ )9.35+2.23log (𝐷𝑚)  
Ansari and Qadar (1994) presented scour equations for estimating of local scour at bridge piers 
based on fitted envelope curves to field data of wide ranges of variables as shown in Eq. (5.24) 
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and (5.25). The data consisted of 100 observed local scour measurements at piers obtained 
from different countries (Brandimarte et al., 2012).   
                                 𝑦 = 0.86𝑏3.0   𝑓𝑜𝑟 𝑏 < 2.2𝑚                                                           (5.24) 
                                𝑦 = 3.6𝑏0.4     𝑓𝑜𝑟 𝑏 > 2.2𝑚                                                            (5.25) 
𝑤ℎ𝑒𝑟𝑒 𝑏 =  𝑝𝑖𝑒𝑟 𝑤𝑖𝑑𝑡ℎ (𝑚);  𝑦 =  𝑙𝑜𝑐𝑎𝑙 𝑠𝑐𝑜𝑢𝑟 𝑑𝑒𝑝𝑡ℎ (𝑚).  
As can be seen, the scour model of Ansari and Qadar is a one factor model consisting of pier 
width only and could underestimate scour depth.  
The equations presented may be fraught with limitations. For local scour equations derived 
from laboratory data, the limitations are due to idealisation of the models, assumption that flow 
is steady and uniform as well as that sediment materials are uniform, non-cohesive and 
homogeneous; and the use of straight rectangular laboratory flumes (Melville and Coleman, 
2000; Brandimarte et al., 2012). There exists contrast between site conditions and that from the 
laboratory. Melville and Coleman (2000) noted that bridge site conditions are different from 
those investigated in the laboratory and therefore application of these local scour equations 
requires careful considerations. ‘These limitations result in conservative prediction of local 
scour depth in all situations’ (Melville and Coleman, 2000).  
Scour equations derived from field data may underestimate scour depth at bridge piers. 
Melville and Coleman (2000) itemised the reasons for the reduced estimate as; a) difficulties 
associated with field measurement during flood, b) difficulty in attaining equilibrium scour 
depths during flood, especially at low flow velocities, and c) unsteady flow. The consequences 
of over and underestimation are also identified in Wang et al. (2017) potentially leading, on 
one hand, to under-design of bridge foundations due to underestimation of scour depth with 
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safety consequences to the bridge(s) users and, on the other hand, over-design with effects on 
increased cost of construction which impinges on scarce resources.  
Over the years, data – driven computational methods have been proposed. The main methods 
in this new area are Artificial Neural Networks (Bateni et al., 2007a; Firat and Gungor, 2009; 
Kaya, 2010; Lee et al., 2007; Muzzammil and Ayyub, 2010), Gene Expression Programming 
(Khan et al., 2012) and Support Vector Regression (Geol and Pal, 2009; Pal et al., 2011).  
Bateni et al. (2007a) proposed equilibrium and time-dependent scour depth with ANN 
(Artificial Neural Network) and ANFIS (Adaptive Neuro-Fuzzy Inference System) using back-
propagation algorithm (MLP/BP) and orthogonal least-squares algorithm (RBF/OLS). They 
proposed that equilibrium scour depth by back-propagation better predicted scour depth than 
the orthogonal least-squares algorithm and the traditional scour equations considered in their 
research. They modelled scour depth based on flow depth, mean velocity, critical flow velocity, 
pier diameter and mean sediment size while in terms of time variation, depth of scour was 
modelled based on equilibrium scour depth. They found, through sensitivity analysis, that pier 
diameter is the most important variable influencing equilibrium scour depth. The studies by 
Kaya (2010) and Lee et al. (2007) are in conformity with Bateni et al. (2007a) while 
Muzzammil and Ayyub (2010)’s research showed that Adaptive Network – Fuzzy Inference 
System performed better. Firat and Gungor (2009) estimated local scour by application of 
Generalized Regression Neural Networks and Feed Forward Neural Networks on 165 data 
points. Their findings showed that Generalized Regression Neural Networks performed better 
and that the most important variables are pier diameter and mean sediment size. The results of 
these scour research depend on the data set used in their analyses.  
Melville et al. (2014) noted that despite the capability of these computer algorithms in 
estimating scour depths within the range of data available, they are susceptible to overfitting. 
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Scour models over fitted with enhanced computer methods may not perform well when 
extrapolating with data different from that used in their development (Melville et al., 2014). As 
a result, Wang et al. (2017) states that both empirical and data-driven methods have not been 
completely successful in unveiling the underlying physical scour mechanism. Brandimarte et 
al. (2012) specifically highlighted that data-driven methods could not differentiate between 
conditions of live-bed and clear-water processes.  
5.4 Previous evaluation/validation of scour formulae 
In the previous sections, various equations for estimating scour depth at bridge piers were 
discussed. Most of the equations are conservative and do not predict scour depths comparable 
to field measurements for the same data set due to flume scale effects or idealisations, assumed 
steady flow conditions in the laboratory and, for the field derived equations, due to unsteady 
flow conditions (Melville and Coleman, 2000; Park et al., 2017) and influence of suspended 
debris during flood. Johnson (1995) compared different scour models comprising CSU. She 
concluded that most of the equations over estimated local scour depth except for the CSU. 
Johnson’s study further revealed that predicted scour depths were as much higher as up to a 
factor often as compared to observed scour depths for clear-water conditions.  
Therefore, validation of scour equations using field data is imperative towards improving 
prediction of scour depths at bridge piers (Mohammed et al., 2005).  Local scour equations 
have been validated but with limited field and laboratory data. Gulbahar (2009) compared the 
performance of some scour models using field data from the Gediz Bridge in Turkey. Scour 
depths estimated from the equations were compared with the observed scour depths for the 
bridge piers which showed dissimilarities with field data considered in that study. 
Mohamad et al. (2005) validated some bridge pier scour models using field and laboratory data. 
The field data consisted of 14 bridge sites obtained from Canada, India and Pakistan while the 
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laboratory data were from University of Putra, Malaysia. The field data considered in the study 
included variables such as discharge, flow depth, channel width, average approach velocity 
upstream of the bridge, pier width, sediment size and maximum local scour depth. The Melville 
and Sutherland, Jain and Fischer, Laursen and Toch and CSU equations were validated with 
three statistical tests to determine the equation with minimal error prediction. The statistical 
test adopted in their study included Root Mean Squared Error (RMSE), Mean Absolute Error 
(MAE), and Theil’s equation (U). From comparison, Laursen and Toch as well as the CSU 
equations gave acceptable estimates with minimum predicted error while the Jain and Fisher 
equations and Melville and Sutherland was found to over predict scour depth at bridge piers. 
Gaudio et al. (2010) compared six design equations for estimating maximum scour depth at 
circular piers using field data and synthetically generated data with Monte Carlos Simulation 
technique typical of live-bed and clear-water conditions. The results indicated different 
predictions for the different models. Comparison with field data further showed unsatisfactory 
maximum scour depth predictions for uniform channel bed material. 
Qi et al. (2016) compared three frequently used equations, namely the Melville equations, 
HEC-18 and the Chinese equations with 408 field and 126 laboratory measurement data. First, 
the influence of flow depth, flow velocity, pier width and sediment size on scour depth were 
determined to ascertain their effects on maximum local scour depth for each of the scour 
equations. The parametric analysis with respect to their influences indicated that each of the 
parameters had different degree of effect on scour depth with the equations considered though 
they admitted they showed similar trends. Flow depth showed small influence on scour depth 
in deep waters, that is, for h/b > 2.6. They further found that flow velocities had different 
influences on scour depth between clear-water and live-bed conditions. Qi et al. (2016)’s 
validation results indicated that the HEC-18 scour model performed well with the laboratory 
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data but over predicted field observed scour. Melville equations over predicted local scour 
depths and therefore being found to be conservative for both laboratory and field data while 
the Chinese equations under predicted laboratory scour depths but performed well for field 
measured scour values.  
Some of the equations that performed are incorporated into most manuals for estimating scour 
by some countries. For example, HEC-18 used in United States of America, the Chinese 
equations used in China, BD9712 and EX2502 used in United Kingdom consist of equations 
derived from laboratory experimental data. However, given that the equations incorporated into 
the manuals are derived from laboratory data, predictions of scour depth with the documents 
on field measured data are conservative. In United States, HEC-18 has been validated with 
field data (Ettema et al., 2011; Landers and Mueller, 1996).  Landers and Mueller (1996)’s 
extensive research evaluated the HEC-18 scour model in comparison with some selected scour 
equations with large pier scour field data base. The database incorporated 380 local scour 
measurements at bridge piers compiled from 56 bridges located in 14 states of the US. The 
research investigated the relation between scour depth and local scour variables influencing 
scour depth at a bridge pier such as pier width, flow depth, flow intensity and sediment size. 
The research revealed pier width as the dominant influencing variable on the scour depth at 
bridge piers. Further to that, they found that flow depth has positive relation with scour depth 
over a large range of the measured scour data. However, they observed that the relation or 
influence of flow depth decrease with increase in scour at piers. With regards to flow intensity, 
its influence is insignificant when bed-load transport is significant (i.e. under live-bed 
condition) and the contrary for negligible bed-load transport. They validated some selected 
scour equations in comparison with field measurements as described above; all of which over 
predicted scour depth for all the measured values.   
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Although, in a number of cases as shown, previous comparisons of code models with field 
measurements have been carried out. In the UK, the BD 97/12 Design Manual for Roads and 
Bridges and EX2502 (Hydraulic Aspects of Bridges: Assessment of the risk of scour) highway 
and railway scour assessment codes have not been evaluated to ascertain their performance 
against field data. As part of this PhD, the BD 97/12 code scour model predictions have been 
compared with extensive field data available in the United States which was compiled through 
the cooperation of the US Department of Transportation Federal Highway Administration and 
the US Geological Survey (Landers and Mueller, 1996). 
5.5 The data 
The field data used for the validation of the BD 97/12 scour models was obtained from the US 
Bridge Scour Data Management System repository which is the most comprehensive set of 
field observed bridge scour measurements gathered worldwide. The field scour data has been 
compiled for each bridge site during floods with the intention to improve understanding of 
scour processes and various methods of prediction of bridge scour, as well as a means to 
providing quality assurance and technical support into other investigations of scour processes 
(Landers and Mueller, 1996). The field data considered for this research consists of a total of 
508 local scour measurements from 92 different bridge sites in the US as shown in Table 5.2. 
Detail descriptions of each bridge site, location, bed material characteristics, pier site/ID, pier 
scour and discharge data are contained within the data management repository for this analysis. 
The data base does not contain measurements for contraction and general scour for most of the 
bridge sites due to lack of technical capabilities (Landers and Mueller, 1996).  
 
Table 5.1 Site data summary of Rivers with bridges crossing 
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State       Site Number/Name Drainag
e Area 
(sq mi) 
Slope In 
Vicinity 
(ft/ft) 
  
Strea
m 
Size 
  
Bed 
Materia
l 
Bridge 
Length 
(ft) 
Numbe
r of 
Spans 
AK 2 Knik River at Old 
Glenn Highway 
near Palmer, AK  
1200 0.00069 Wide Gravel 1500 7 
AK 3 Knik River at S.R. 1 
near Eklutna, AK  
--    0.00100 Wide Sand 1500 8 
AK 92 Knik River at Old 
Glenn Highway 
near Palmer, AK  
1200 .00069 Wide Gravel 505.5 3 
AK 7 Snow River at 
Seward Highway 
(S.R. 9) near 
Seward, AK  
150 -- Mediu
m 
Gravel 648 7 
AK 1 Susitna River at 
S.R. 3 near 
Sunshine, AK 
11500 0.00040 Wide Cobble
s 
1072 5 
AK 5 Tanana River at 
S.R. 2 at Big Delta, 
AK 
13500 
 
Wide Gravel 784 5 
AK 6 Tanana River at 
S.R. 3 at Nenana, 
AK 
25600 0.00015 Unkn
own 
Unkno
wn 
1000 2 
AK 4 Tazlina River at 
Richardson Hwy 
(S.R. 4)  near 
Glennallen,AK  
2670 0.00210 Mediu
m 
Cobble
s 
400 2 
AR 8 Red River at U.S. 
71 at Index, AR  
48030 -- Unkn
own 
Unkno
wn 
1604 16 
AR 10 Red River at U.S. 
82 at Garland, AR  
52675 -- Unkn
own 
Unkno
wn 
1667 14 
CO 13 Arkansas River at 
C.R. 613 near 
Nepesta, CO  
--    0.00050 Mediu
m 
Sand 283 4 
CO 14 Rio Grande River at 
U.S.285 near 
Monte Vista, CO  
1590 0.00075 Mediu
m 
Gravel 176 2 
CO 11 South Platte River 
at S.R. 37 near 
Kersey, CO  
9598 0.00093 Wide Sand 663 13 
CO 12 South Platte River 
at C.R. 87 near 
Masters, CO  
12120 0.00132 Mediu
m 
Sand 361 9 
DE 16 Assawoman Bay at 
S.R. 54 near 
Fenwick Island, DE  
--    -- Mediu
m 
Sand 
Sand 
440 11 
Bridge Scour - Climate Change Effects and Modelling Uncertainties. 
 
  
FRIDAY THOMAS EKUJE  2018 244 
 
DE 15 Leipsic River at 
S.R. 9 at Leipsic, 
DE 
--    -- Mediu
m 
Unkno
wn 
547 13 
GA 17 South Altamaha 
River at I-95 near 
Brunswick, GA  
14000 -- Wide Sand 1765 8 
IA 81 Cedar River at US 
218 near Janesville, 
IA  
1661 0.000379 Mediu
m 
Sand 674 7 
IL 57 Mississippi River at 
S.R. 51/150 at 
Chester, Ill.  
708600 0.00030 Wide Sand 2826 13 
IN 18 Eel River at S.R. 59 
near Clay City, IN  
880 0.00035 Mediu
m 
Sand 342 4 
IN 19 Wabash River at 
S.R. 163 at Clinton, 
IN  
11720 0.00014 Wide Sand 1070 9 
IN 20 White River at S.R. 
157 at Worthington, 
IN  
4392 0.00020 Mediu
m 
Gravel 734 5    
LA 21 Red River at S.R. 
3032 near 
Shreveport, LA, 
E.B.  
60700 0.00010 Wide Sand 2692 8 
LA 22 Red River at S.R. 
3032 near 
Shreveport, LA, 
W.B. 
60700 0.00010 Wide Sand 2692 8 
MD 24 Big Pipe Creek at 
S.R. 194 at 
Bruceville, MD  
102 0.00157 Mediu
m 
Gravel 200 4 
MD 25 Choptank River at 
S.R. 287 near 
Goldsboro, MD 
--    -- Small Sand 240 4 
MD 23 Youghiogheny 
River at S.R.42 at 
Friendsville, MD  
295 0.00500 Mediu
m 
Cobble
s 
155 3 
MN 77 Middle Fork Crow 
River at S.R. 4 near 
Manannah, MN  
--    0.00100 Small Unkno
wn 
35 1 
MN 72  Minnesota River at 
CR 14 near Lac qui 
Parle, MN  
4100 -- Mediu
m 
Unkno
wn 
190 3 
MN 82 Highway 25 over 
Minnesota River at 
Belle Plaine, MN  
16010 .000063 Mediu
m 
Sand 450 3 
MN 58 Mississippi River at 
S.R. 3 at St. Paul, 
MN 
36800 0.00022 Wide Sand 3383 -- 
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MN 73 Pomme De Terre 
River at CR 22 near 
Fairfield, MN  
836 0.00060 Small Sand 121 3 
MN 78 Pomme De Terre 
River at U.S. 12 
near Holloway, MN  
845 0.00050 Small Sand 88 1 
MO 80 Chariton River near 
Prairie Hill, MO  
1870 0.00033 Mediu
m 
Sand 264 4 
MO 75 Mississippi River at 
I-255 (Jefferson 
Barracks Bridge) 
near St. Louis, MO  
--    0.00010 Wide Sand 4004 15 
MO 76 Mississippi River at 
Martin Luther King 
Memorial Bridge 
(S.R. 799)  at St. 
Louis, MO  
697000 -- Wide Sand 4010 35 
MS 91 Conehoma Creek at 
State Highway 35, 
near Kosciusko, 
Mississippi 
10 .0010 Mediu
m 
Sand 120 5 
MS 28 Homochitto River 
at U.S. 84 at 
Eddiceton, MS  
181 0.00093 Mediu
m 
Gravel 560 7 
MS 26 Pearl River at 
westbound S.R. 25 
at Jackson, MS 
3130 0.00019 Mediu
m 
Sand 1180 21 
MS 27 Pearl River at 
eastbound S.R. 25 
at Jackson, MS 
3130 0.00019 Mediu
m 
Sand 1140 21 
MS 29 Pearl River at 
eastbound U.S. 98 
near Columbia, MS  
5720 0.00019 Wide Gravel 696 9 
MS 30 Pearl River at 
westbound U.S. 98 
near Columbia, MS  
5720 0.00019 Wide Gravel 785 9 
MT 34 Badger Creek at 
U.S. 89 near 
Browning, MT  
239 0.00390 Mediu
m 
Gravel 303 5 
MT 87 Beaver Creek 
Overflow 7 Miles 
West of Saco. MT  
1327 .000145 Unkn
own 
Silt 90 4 
MT 88 Beaver Creek 
Overflow 9 Miles 
West of Saco. MT  
1327 .000145 Small Silt 90 4 
MT 85 Bitterroot River 
near Darby, MT  
1049 .0038 Mediu
m 
Cobble
s 
 -- 4 
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MT 86 Bitterroot River at 
Bell Crossing near 
Victor, MT  
1963 .0017 Mediu
m 
Gravel 406 4 
MT 31 Clarks Fork 
Yellowstone River 
near Bridger, MT  
1809 0.00700 Mediu
m 
Gravel 288 3 
MT 32 Gallatin River at 
U.S. 191 near 
Gallatin Gateway, 
MT 
825 0.00630 Mediu
m 
Cobble
s 
252 3 
MT 89 Gallatin River near 
Manhattan, MT  
970 .0046 Mediu
m 
Gravel 200 4 
MT 33 Yellowstone River 
at U.S. 89 near 
Emigrant, MT  
2844 0.00220 Mediu
m 
Gravel 450 4 
NY 36 Chemung River at 
S.R. 427 at 
Chemung, NY 
2506 0.00075 Wide Gravel 798 7 
NY 40 Delaware River at 
Route 6 at Port 
Jervis, NY 
3070 0.00114 Wide Gravel 649 2 
NY 39 Genesee River at 
Bailey Road at 
Portageville, NY  
984 0.00090 Mediu
m 
Gravel 400 4 
NY 35 Otselic River at 
S.R. 23 at 
Cincinnatus, NY 
153 0.00040 Mediu
m 
Gravel 187 2 
NY 37 Schoharie Creek at 
S.R. 30 at 
Middleburg, NY  
534 0.00200 Mediu
m 
Gravel 356 4 
NY 38 Susquehanna River 
at C.R. 314 at 
Conklin, NY 
2232 0.00057 Mediu
m 
Gravel 642 5 
OH 79 Auglaize River at 
S.R. 198 near 
Wapakoneta  
200 0.00060 Mediu
m 
Gravel 234 3 
OH 59 Clear Creek at U.S. 
33 near 
Rockbridge, OH  
92 0.00190 Small Sand 114 3 
OH 60 Grand River at S.R. 
84 near Painesville, 
OH 
685 0.00109 Mediu
m 
Gravel 364 4 
OH 41 Great Miami River 
at S.R. 128 at 
Hamilton, OH 
3630 0.00049 Wide Gravel 740 5 
OH 61 Great Miami River 
at S.R. 41 at Troy, 
OH 
927 0.00023 Mediu
m 
Cobble
s 
749 9 
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OH 42 Hocking River at 
S.R. 278 at 
Nelsonville, OH  
576 0.00038 Mediu
m 
Sand 223 3 
OH 43 Honey Creek at 
S.R. 67 at Melmore, 
OH 
149 0.00140 Mediu
m 
Gravel 226 3 
OH 48 Killbuck Creek at 
C.R. 621 at 
Killbuck, OH 
462 0.00023 Mediu
m 
Sand 184 3 
OH 44 Little Miami River 
at S.R.350 at Fort 
Ancient,OH  
675 0.00084 Mediu
m 
Gravel 213 3 
OH 62 Mad River at U.S. 
36 near Urbana, OH  
162 0.00136 Small Cobble
s 
161 3 
OH 63 Massies Creek at 
U.S. 68 at Oldtown, 
OH 
84 0.00357 Small Gravel 139 3 
OH 64 Maumee River at 
U.S. 127 near 
Sherwood, OH  
2276 0.00022 Mediu
m 
Gravel 513 5 
OH 45 Ottawa River at 
Township Road 
122 at Lima, OH  
130 0.00144 Small Gravel 148 3 
OH 65 Salt Creek at U.S. 
50 near 
Londonderry, OH  
286 0.00082 Small Sand 156 3 
OH 46 Scioto River at S.R. 
4 near Prospect, OH  
528 0.00008 Mediu
m 
Sand 219 3 
OH 66 Scioto River at S.R. 
159 at Chillicothe, 
OH 
3849 0.00035 Wide Gravel 1674 10 
OH 67 Sugar Creek at U.S. 
250 at Strasburg, 
OH 
311 0.00087 Small Gravel 190 3 
OH 69 Tuscarawas River 
at C.R. 14 near Port 
Washington, OH  
2400 0.00047 Mediu
m 
Gravel 395 4 
OH 47 Todd Fork at S.R. 
22 at Morrow, OH  
262 0.00179 Mediu
m 
Gravel 206 3 
OH 68 Tuscarawas River 
at Walnut Rd at 
Massillon, OH 
513 0.00008 Mediu
m 
Gravel 214 3 
OH 70 Wakatomika Creek 
at S.R. 16 near 
Frazeysburg, OH  
140 0.00062 Mediu
m 
Gravel 244 5 
OH 71 Walnut Creek at 
C.R. 17 near 
Ashville, OH 
216 0.00068 Small Gravel 155 3 
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SD 83 SR 37 over James 
River near Mitchell, 
SD 
13450 .000104 Mediu
m 
Silt 353 3 
SD 84 247 Street over 
James River near 
Mitchell, SD  
 -- .000104 Mediu
m 
Silt 262 3 
TX 74 Brazos River at 
FM2004 near Lake 
Jackson, TX 
43942 0.00030 Mediu
m 
Clay 1420 11 
VA 51 Bush River at U.S. 
460 near Rice, VA  
64 0.00110 Small Sand 188 5 
VA 52 Dan River at U.S. 
501 at South 
Boston, VA  
2730 0.00025 Mediu
m 
Sand 360 3 
VA 54 Little Nottoway 
River S.R. 603 nr 
Blackstone, VA  
--    0.00200 Small Sand 210 4 
VA 56 North Fork Holston 
River at S.R. 633 
near North Holston, 
VA 
--    0.00100 Mediu
m 
Gravel 208 4 
VA 50 Nottoway River at 
S.R. 653 near 
Sebrell, VA  
1421 0.00016 Mediu
m 
Sand 250 4 
VA 49 Pamunkey River at 
S.R. 614 near 
Hanover, VA  
1081 0.00012 Mediu
m 
Sand 282 4 
VA 55 Reed Creek at S.R. 
649 near 
Wytheville, VA  
--    0.00010 Small Gravel 180 3 
VA 53 Tye River at S.R. 
56 near Lovingston, 
VA 
93 0.00290 Mediu
m 
Gravel 199 4 
WA 93 Galvin Road 
Overflow Bridge 
for the Chehalis 
River near 
Centralia, WA  
675 .00074 Wide Sand 382 10 
 
5.5.1 Summary of pier local scour measurements data 
The 508 piers scour data for this research, collected from 98 sites are outlined in the Appendix. 
All the measurements were taken during extreme floods at peak discharge as well as during 
high and low flood flows. However, missing data exists for certain sites for discharge, channel 
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width or flow depth. These were accounted for from historical data, hydrological sites of the 
US Geological Survey discharge sites for the given bridge sites or from the state of the art 
formula Q = AV; where Q = discharge (𝑚3/s), V = velocity (m/s) and A= area of flow (𝑚2).   
The statistical representations of the scour variables which formed the data for the analysis of 
this research are herein presented. 
Round piers had total of 235 observed measurements while square, sharp and cylindrical piers 
were measured 116, 108 and 49 times respectively as shown on Figure 5.1 and were mostly 
single column piers above the foundation footings.  
The measurements for cohesive bed material were 11. Non-cohesive material cohesion type 
was 374 constituting about 74 percent of the total bed material while the unknown sediment 
sizes constituted 165 measurements representing about 32 percent as Figure 5.2 indicates. From 
analysis, it is likely that the unknown material could be non-cohesive material than cohesive. 
The proportion of different sediment sizes (i.e.  𝐷50  bed material), had only 0.6 percent less 
than sand size (i.e. less than 0.062mm), the greater proportion being 60 percent which consisted 
of sand sizes, i.e. 0.062 to 2mm,  that is, the sand sizes were 304 in number out of 508. 160 
representing 31 percent were of gravel sizes (2 to 64mm) while 35 (7%) of the sediment sizes 
constituted sizes larger than 64mm, only 6 equivalent to 1% were of unknown sizes as can be 
seen in Figure 5.3 below. 
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Figure 5.1 Measurement counts for pier types of the data 
 
Figure 5.2 Measurement counts for bed material cohesion 
 
Figure 5.3 Proportion of sediment sizes of the data 
Pier width is one of the most significant variables affecting bridge scour. The data included in 
the database consisted of pier width measurements ranging from 0.29 to 5.52m while pier 
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lengths measured ranged between 2.4 to 39.65m. About 74 percent of the piers have widths 
between 0.5 – 3.0m. Record of pier length for some sites were not available but was not critical 
as the piers were of normal alignment to flow which Figure 5.4 reveals.  A total of 32 piers for 
6 bridge sites had no pier length measurements. It is pertinent to point out that pier length has 
significant influence on scour depth for piers at skewed alignment to flow. As pier length 
increases, local scour at a bridge pier increases as angle of attack increases beyond zero. This 
therefore reveals the importance of pier length on scour at a bridge pier. 
 
Figure 5.4 Frequency/proportion of pier width of the data 
Scour measurements of the data were identified by bed transport conditions such as live-bed, 
clear-water and unknown condition as at the period of the observation. Landers and Mueller 
(1996) observed that bed material transport conditions may not be appropriately classified by 
observation but that errors arising from it may be insignificant. This could be a source of 
uncertainty as observational or computational errors may arise in measurements of this 
magnitude. From Figure 5.5, live-bed conditions were mostly documented. In the data, about 
48 percent were live-bed, clear–water being 110 out of 508 of the local scour observations 
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representing about 22 percent while 152 measurements representing about 30 percent were of 
unknown bed conditions. Figure 5.4 show frequency/proportion of pier width of the data. 
 
The range of measured local scour depth at the piers, ranged from 0 to 7.66m as shown in 
Figure 5.5b with a right skewed distribution typical of hydraulic data. The standard deviation 
of the local scour depth is 1.27; median of the measured local scour is 0.61m while the mean 
of the measurements is 1.06.  The scour measurements at the bridge piers were obtained during 
flood with the use of fathometers and supplemented inspection surveys undertaken of the scour 
hole prior to and after floods (Lander and Mueller, 1996). Errors which may arise from 
instrument measurements are recorded therein in the data as can be seen in Appendix B1. 
However, the instruments available to USGS for scour measurements were echo sounders and 
sounding weight for measurement of cross section elevation along upstream and downstream 
of the bridge edges. The lead sounding weights were used with other accompanying equipment 
such as hydraulic cranes and current meters for discharge measurements. As mentioned in 
Lander and Mueller (1996), sounding weights has the advantage of collecting data in extreme 
turbulence and air entrainments which of course is the limitation of echo sounder instruments. 
However, they noted that lead sounding weights have limitations with regards to being swept 
to the bottom downstream in deep channels with high velocity flows as well as safety concerns 
for the crew due to stream high velocity/wind, breakage of suspension cables and effect of 
debris around piers ripping or snagging suspension lines of the sounding weight thus leading 
to loss of functioning.  Echo sounders were used alongside transducers for scour depth 
measurements at bridge piers. The distribution of local scour depth measurements of the data 
used in this research are as shown in Figure 5.5b below. As Figure 5.5b shows, great proportion 
of scour measurements of local scour at bridge piers recorded in the database is between 0.0 – 
0.7 depth representing 60% (278) of the entire measurements followed by 30% (139) for 
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between 0.7 – 1.4m and below 10% for other scour depths ranging from 2.1 – 7.7m as can be 
seen in the figure. 
 
 
 
Figure 5.5 Proportion of (a) river bed conditions for the data (b) local scour depth. 
5.6 BD9712 Manual for Roads and Bridges: Factors influencing 
local scour 
BD 97/12 is the official Code for the assessment of scour at highway bridges in the UK 
principally for identifying bridges susceptible to scour with a view to providing remedial action 
on potential bridges at risk. The manual contains various assessment sections but the factors 
influencing scour outlined therein are presented. The maximum local scour for a bridge pier is 
given as: 
246
152
110
0
50
100
150
200
250
300
live-bed unknown clear- water
Fr
e
q
u
e
n
cy
Bed material cohession
a
278
139
36
10 6 15 10 4 4 3 3
0.00
0.10
0.20
0.30
0.40
0.50
0.60
0
50
100
150
200
250
300
0.0 -
0.7
0.7 -
1.4
1.4 -
2.1
2.1 -
2.8
2.8 -
3.5
3.5 -
4.2
4.2 -
4.9
4.9 -
5.6
5.6 -
6.3
6.3 -
7.0
7.0 -
7.7
Fr
e
q
u
e
n
cy
/p
ro
p
o
rt
io
n
Local scour (m)
Local scour depth
b
Bridge Scour - Climate Change Effects and Modelling Uncertainties. 
 
  
FRIDAY THOMAS EKUJE  2018 254 
 
                                                  𝐷𝐿 = 𝐾 𝑊𝑃𝑓𝑃𝑆𝑓𝑃𝐴𝑓𝑦                                                               (5.26) 
where 𝐷𝐿 = 𝐿𝑜𝑐𝑎𝑙 𝑠𝑐𝑜𝑢𝑟; 𝐾 = 𝐸𝑚𝑝𝑖𝑟𝑖𝑐𝑎𝑙 𝑓𝑎𝑐𝑡𝑜𝑟;  𝑊𝑃 = 𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑝𝑖𝑒𝑟; 𝑓𝑃𝑆 = 𝑠ℎ𝑎𝑝𝑒  
𝑓𝑎𝑐𝑡𝑜𝑟; 𝑓𝑃𝐴 = 𝑎𝑛𝑔𝑙𝑒 𝑜𝑓 𝑎𝑡𝑡𝑎𝑐𝑘 𝑓𝑎𝑐𝑡𝑜𝑟; 𝑓𝑦 = 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑎𝑝𝑝𝑟𝑜𝑎𝑐ℎ 𝑓𝑙𝑜𝑤 𝑑𝑒𝑝𝑡ℎ 𝑓𝑎𝑐𝑡𝑜𝑟.  
The empirical factor, according to the Advice note, is taken as K = 1.5 therefore Eq. (5.26) 
becomes: 
                                                𝐷𝐿 = 1.5 𝑊𝑃𝑓𝑃𝑆𝑓𝑃𝐴𝑓𝑦                                                             (5.27) 
From Eq. (5.27), the factors influencing local scour are shape factor, angle of attack, flow depth 
and approach flow depth. The shape factor is a function accounting for ratio of width to length 
of the pier and pier nose. Circular and cylindrical piers have shape factor equal to 1.0, 
rectangular pier has shape factor of 1.2. In the advice note, it is stated that influence of pier 
nose becomes insignificant if angle of attack increases. It is therefore recommended that for 
angle of attack of ten degrees or higher, shape factor should be taken as 1.0 in the analysis of 
local scour at bridge piers. 
Angle of attack is one of the main influencing factors of local scour; therefore, this should be 
properly and realistically obtained during site measurements. Angle of attack, as indicated in 
Eq. (5.28), is a function of ratio of length to width of pier and angle of approach flow to the 
pier(s).      
                                                  𝑓𝑃𝐴 = (cos 𝛼 + 
𝐿
𝑊𝑃𝐴
⁄ . sin 𝛼)
0.65
                                       (5.28) 
where 𝑓𝑃𝐴 = 𝑎𝑛𝑔𝑙𝑒 𝑜𝑓 𝑎𝑡𝑡𝑎𝑐𝑘 𝑓𝑎𝑐𝑡𝑜𝑟; 𝐿 = 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑝𝑖𝑒𝑟; 𝑊𝑃𝐴 = 𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑝𝑖𝑒𝑟;  𝛼 =
𝑎𝑛𝑔𝑙𝑒 𝑜𝑓 𝑓𝑙𝑜𝑤 𝑡𝑜 𝑝𝑖𝑒𝑟 𝑖𝑛 𝑑𝑒𝑔𝑟𝑒𝑒𝑠.    
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The flow depth factor is a function of flow depth upstream of the piers and width of pier as 
given by:          
                                           𝑓𝑦 = 0.78 (
𝑦𝑠
𝑊𝑃𝐴
⁄ )
0.225
                                                              (5.29) 
where 𝑓𝑦 = 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑎𝑝𝑝𝑟𝑜𝑎𝑐ℎ 𝑓𝑙𝑜𝑤 𝑑𝑒𝑝𝑡ℎ 𝑓𝑎𝑐𝑡𝑜𝑟; 𝑦𝑠 =
𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 𝑑𝑒𝑝𝑡ℎ 𝑤ℎ𝑖𝑐ℎ 𝑐𝑜𝑛𝑠𝑖𝑠𝑡𝑠 𝑜𝑓 𝑛𝑜𝑟𝑚𝑙 𝑓𝑙𝑜𝑤 𝑑𝑒𝑝𝑡ℎ 𝑎𝑛𝑑 𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑑𝑒𝑝𝑡ℎ;𝑊𝑃𝐴 =
𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑝𝑖𝑒𝑟. In the advice note, it is advised that for values of 
𝑦𝑠
𝑊𝑃𝐴
⁄ >
2.6, 𝑓𝑦 𝑠ℎ𝑜𝑢𝑙𝑑 𝑏𝑒 𝑡𝑎𝑘𝑒𝑛 𝑒𝑞𝑢𝑎𝑙 𝑡𝑜 1. Therefore 𝑓𝑦 = 1 is a maximum given that 
𝑦𝑠
𝑊𝑃𝐴
⁄ > 2.6 
which was encountered for live-bed scour conditions in the analysis carried out in this research. 
5.7 Evaluation of BD 97/12 scour model using field data 
Comparisons of estimated scour and field observed scour depths using field data are presented 
in this section. Melville et al. (2014) noted that evaluation of predictive equations using field 
data is not straightforward because of the relative difficulty of obtaining accurate 
measurements of input parameters in the field as well as due to the unknown maturity of the 
scour hole. They further added that field scour depths are often very small when compared with 
the pier width, approach water depth and flow velocity accounting for the scour depths. 
Melville et al. (2014) pointed that this may arise if the duration of the flow velocity was short 
as at the time of the report/measurement or that the reported bed material could be cohesionless 
rather than cohesive or verse versa. Given this scenario, Melville at al. (2014) observed that 
field data should be used to evaluate predictive equations where the scour depths measured 
were due to severe/previous flow events and that the field scour should exclude contraction, 
general and degradation or aggradation scours. The field data used for evaluation in this 
research were obtained from severe flows due to flood events. In one of the site IDs, the site 
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description of the bridge indicated that the local scour at the bridge progressively developed 
with subsequent floods without refilling of the scour hole after floods. This is rarely described 
by researchers and could constitute one of future considerations in the development of scour 
equations.  
Appendix B1 presents the estimated (using BD 97/12) and measured scour depths from which 
comparison based on bed material transport, pier width and bed material cohesion are made 
and presented in the following sections. For these classifications, that is bed material transport, 
pier shape and bed material cohesion, statistical tests were carried out to measure their 
predictive performance compared to the field data. Mohamed et al. (2005) and Azamathulla et 
al. (2010) used coefficient of determination(𝑅2), Mean Absolute Error (MAE), Mean Absolute 
Percentage Error (MAPE), Root Mean Squared Error (RMSE) in validation of scour equations 
while Theil’s coefficient (U) and Sum of Squared Errors (SSE) was used by Melville et al. 
(2014) in their research. The definitions of the above parameters were given in Chapter 3.  
The data in terms of the ratio of estimated scour to field observed scour was also fitted with 
probability distributions towards suggesting modelling uncertainty factors that can be used in 
scour assessments. A number of different probability distributions, including lognormal 
distribution the probability density function (pdf) of which is shown in Eq. (5.34 and 5.35) 
below, have been considered to identify the best fits to the data.  
                                 𝑝𝑑𝑓 =  
1
𝑥𝜎√2𝜋
. 𝑒𝑥𝑝 (−
(𝑥−𝜇)2
2𝜎
)                                                        (5.35a) 
 
                                𝑝𝑑𝑓 =
1
𝑥
 .
1
𝜎√2𝜋
. 𝑒𝑥𝑝 (−
(ln𝑥−𝜇)2
2𝜎
)                                                       (5.35b) 
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                                                                𝑤ℎ𝑒𝑟𝑒 𝑥 =
𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑠𝑐𝑜𝑢𝑟 𝑡𝑜 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑠𝑐𝑜𝑢𝑟;   𝜇 = 𝑚𝑒𝑎𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑐𝑜𝑢𝑟  𝑟𝑎𝑡𝑖𝑜;  𝜎 =
𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛; ln 𝑥 = 𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑙𝑜𝑔. 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑐𝑜𝑢𝑟 𝑟𝑎𝑡𝑖𝑜𝑠; 𝑝𝑑𝑓 =   
𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑜𝑔𝑛𝑜𝑟𝑚𝑎𝑙 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑐𝑜𝑢𝑟 𝑟𝑎𝑡𝑖𝑜.  
5.8 Quality assurance of the field data 
Taking field measurement of bridge scour is cumbersome. However, to ensure quality of 
measured data in the US scour database, scour monitoring technologies were utilised. Because 
of the difficulty in taking measurements due to turbulence suspended debris which could be 
risky to personnel and snapping of measuring instruments and thus affect the quality of data, 
several measurements were taken before, during and after flood (Landers and Mueller, 1999) 
at the bridge sites. This assured that the information obtained is of highly representative quality. 
Furthermore, daily record of river flow over timescales are available in the USGS website. 
Measurements were taken with echo sounders and sonars at subsequent river flooding at bridge 
sites for each pier and abutments. All the measurements taken were recorded for each bridge 
based on descriptions such as pier type, number of piers, sediment sizes, sediment transport, 
river channel slope, location of bridge, number of times measurements taken and probable error 
(either +/-) amongst others. Measurements by divers were not recorded in the US scour 
database. This further attest to quality of the measurements. The accuracy of scour monitoring 
instruments which enables it to reveal the presence of scour in a hitherto divers no – scour 
report at a bridge brings bridge engineers to the assurances of the quality of measurement which 
can be obtained from such instruments (Clubley, Manes & Richards, 2015). 
5.9 Results and discussion  
The results of the estimated scour using BD 97/12 are presented in this section.  The results 
were subjected to statistical tests; as used in Bateni et al (2006), Khan et al (2016), Mohamed 
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et al (2005), and Mohamed and Azamathula (2013), to evaluate performance in terms of pier 
shape, sediment cohesion and sediment transport. Root mean square error (RMSE), mean 
square error (MSE), mean absolute error (MAE), mean absolute percentage error, Theil’s 
coefficient and coefficient of determination (𝑅2) were used in the performance evaluation of 
the BD 97/12 scour model.  
Figure 5.6 shows plot of computed scour against field scour measurement for the entire scour 
data from the database. From the figure, it is evident that the BD 97/12 model over-predicts 
scour with reference to the field measured scour for the majority of the data with only very few 
cases of under-prediction. 
 
Figure 5.6 Scatter plot scour ratio of computed to field observed scour depths 
Errors between the predicted scour and field measured scour is a maximum absolute difference 
of 6.89m. Excluding the fifteen (15) zero scour data points observed in the field measurement, 
44 constituted under predicted scour depths representing 3.15% while 448 were over predicted 
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representing 88.19%. This is quite expected as the BD 97/12 scour model, like other empirical 
scour equations, was not developed to predict field measured scour but rather for the 
computation of maximum scour depths at bridge piers for design purposes (Landers and 
Mueller, 1999). From Figure 5.6, a large variation of values greater than the observed scour 
are above the line of equality and with values greater by about 1.5 to about 7 times while the 
values below the line ranges from 0.09 to 0.99. A large under prediction was found for a bridge 
site with a computed scour depth of 0.68m in comparison to the field scour of 7.50m 
representing a ratio of 0.09 and error of 6.82m giving the highest negative outlier. The 
marginally large difference according to Landers and Mueller (1999) could arise if the sediment 
cohesion was cohesive instead of non – cohesive or vice versa. Observation from bridge site 
descriptions revealed that piers located on the same river do not have the same sediment size 
distribution.  Therefore, there could be likelihood of recording sediment size of a different pier 
in error for another. Further observation from the site descriptions shows that the angle of attack 
for each peak discharge is not the same or constant. These could lead to variations and account 
for the complexities associated with scour during flood which would frequently be likely due 
to climate change. 
Figures 5.7 to 5.10 show scatter plots, using smaller subsets of the data from the database 
making distinctions with respect to pier shape, sediment cohesion and transport conditions. The 
points of the scatters are compared with the line of equality to evaluate the performance of the 
BD 97/12 scour model based on these categorisations or parameters thus further revealing 
additional evaluation information of the BD 97/12 document commonly used for scour 
assessment. Figures 5.7a-c compare computed scour with field scour data for clear – water, 
live – bed and unknown sediment transport. Figure 5.7b for clear – water shows greater 
dispersion with high and low values of predicted scour in comparison with field observed scour. 
Clear – water transport condition has no point on the line of perfect agreement. Figure 5.7a for 
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live – bed condition has few points on the line of equality with greater proportion clustered 
around the line than clear – water condition. From the figures, live – bed scour condition is 
better predicted than for clear – water thus indicating that BD97/12 the highway equation 
estimates field data better for this category of scour obtained under flood conditions. However, 
the result of the unknown sediment transport condition has scatter points around the line of 
equality as compared to live-bed and clear-water conditions. Therefore, from these results, the 
scour advice note equation would capture live–bed scour depths well for data obtained from 
the field for floods caused by climate change than for clear – water for this data set. This agrees 
with Landers and Mueller (1999) who similarly observed that live – bed was estimated with 
more acceptable accuracy than clear – water by most of the equations they considered in their 
study. Statistical tests applied on the data further reveal the performance of the highway 
assessment code with regards to live – bed condition above clear – water condition. Table 5.3 
below further confirms the results of the scatter graphs. The statistical test results indicates the 
performance of the highway code equation for the live – bed condition with Theil’s coefficient 
(U) of 0.37 while for the unknown and clear – water conditions, U are 0.41 and 0.63 
respectively. As the results show, live-bed has fairly better statistical performance above clear-
water scour condition which is also reflected in the values of MAE, MSE and RMSE in Table 
5.3. Mohamed et al. (2005) noted that the closer the value of U to zero (0), the better the model 
prediction is expected to be, while a poor prediction results in a U value of 1. Therefore, the 
result for live – bed condition is in tandem/agreement with Mohamed et al (2005) and 
consistent with landers and Mueller (1999) as well as Gaudio et al (2010). 
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Figure 5.7 Scatter plot for (a) live-bed (b) clear-water (c) unknown sediment transport 
condition 
Table 5.2 Statistical test results for bed material transport condition 
Sour 
condition 
 Mean 
absolut
e error 
(MAE) 
Root mean 
square 
error(RMSE
) 
Theil's 
coefficien
t (U) 
Mean 
squar
e 
error 
(MSE) 
Mean 
absolute 
percentage 
error(MAPE
) 
Coefficient of 
determinatio
n 
Live - bed 1.74 2.09 0.37 4.37 266.42 0.35 
Clear - water 1.84 2.61 0.68 6.8 435.09 0.03 
unknown  0.67 0.91 0.41 0.82 166.69 0.12 
 
Figures 5.8d-g below show greater proportion of the scatter points above the lines of equality 
for cylindrical, round, sharp and square piers, respectively. Figures 5.8d for cylindrical piers 
and 5.8f for sharp piers have scatter points farther away from the line of equality than square 
piers and round piers of Figures 5.8e and 5.8g, respectively. The statistical test results in Table 
5.5 below show round piers have better statistical performance with coefficient of 
determination (𝑅2) of 0.62, Theil’s coefficient (U) of 0.34, root mean square error (RMSE) of 
c 
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1.37, mean absolute error (MAE) of 1.06 and mean square error (MSE) of 1.88. Cylindrical 
piers follow with coefficient of determination of 0.35, RMSE of 1.89, MAE of 1.53, MSE of 
3.55 and Theil’s coefficient of 0.48. The statistical result of sharp piers comes last with 
coefficient of determination of 0.04 after square piers with (𝑅2) of 0.25. This signifies that the 
Highway scour equations estimated field measured scour for round piers better than cylindrical, 
sharp and square piers which similar to the study of Mohamed et al (2005). However different 
scour equations may perform better for other types of piers. Mohamed et al. (2005)’s research 
studied the performance of some scour equations using pier shapes by comparison of computed 
and observed scour depths with laboratory data. Their study indicated that the Larson and Toch 
equation predicted measured scour better than CSU, Jain and Fischer; and Melville and 
Sutherland for circular and square shaped piers. The Larson and Toch equation both under and 
over predicted for some sharp-nosed piers. Larson and Torch’s equation performance for 
laboratory measured data in that study showed a Theil’s coefficient (U) = 0.21, mean absolute 
error = 0.095 and root mean square error = 1.32. However, the research of Mohamed et al. 
(2005) affirmed that the CSU equation predicted field data well above the other equations with 
a U of 0.06, mean absolute error of 0.93 and root mean square error of 1.24. They pointed out 
that the Melville and Sutherland equation over predicted both field and laboratory- measured 
scour depths. 
Najafzadeh and Azamathulla (2013)’s results for performance evaluation of six scour equations 
showed that Richardson and Davis (i.e. CSU) equation performed best in predicting scour for 
sharp piers with mean absolute error (MAPE) of 1.2 followed by round piers which had MAPE 
= 2.13. The MAPE for square and cylindrical piers for CSU were 3.72 and 7.3 respectively. 
The equations considered in their study were CSU, Johnson, Larsen and Toch, Shen et al. and 
Melville and Sutherland. In that study, Melville and Sutherland equation had the highest values 
of absolute errors for all types of pier shape above the rest five equations with MAPE values 
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of 5.23 for round, 5.86 for sharp, 6.54 for square and 20.15 for cylindrical piers; thus, being 
the worst performed equation. 
 
 
d 
e 
Bridge Scour - Climate Change Effects and Modelling Uncertainties. 
 
  
FRIDAY THOMAS EKUJE  2018 265 
 
 
 
Figure 5.8 Scatter plot for (d) cylindrical (e) round (f) sharp (g) square piers 
 
 
 
g 
f 
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Table 5.3 Statistical test results for pier shape 
Pier shape 
 Mean 
absolut
e error 
(MAE) 
Root mean 
square 
error(RMSE
) 
Theil's 
coefficien
t (U) 
Mean 
squar
e 
error 
(MSE) 
Mean 
absolute 
percentage 
error(MAPE
) 
Coefficient of 
determinatio
n 
(𝑅2) 
Cylindrical 
piers 1.53 1.89 0.48 3.55 205.08 0.35 
Round piers 1.06 1.37 0.34 1.88 219.21 0.62 
Sharp piers 1.93 2.69 0.53 7.26 411.11 0.04 
Square piers 1.58 2.06 0.41 4.23 253.03 0.25 
 
Figures 5.9 h-j below show results of computed scour plotted against field observed scour for 
different types of sediment cohesion. The result for the cohesive sediment material indicates 
all the scatter points above the line of equality, thus the scour equation over predicts field scour 
in such a case. Both the unknown and non-cohesive materials have scatters around the line of 
equality than the cohesive bed material all clustered near the origin of the plot. The non-
cohesive material has upward steep plots off the line of equality than for the unknown bed 
material cohesion which is flat or parallel to the line of agreement. From table 5.4 below, the 
unknown material cohesion is well predicted by the BD 97/12 equation with a lower Theil’s 
coefficient of 0.43 as compared to the case of cohesive material with a U of 0.63 and non-
cohesive which has U = 0.44. Comparing the two known cohesions, as the Table 5.4 shows, 
cohesive material is poorly predicted based on the high Theil’s (U) value of 0.63 which 
approximates to 1 for unsuccessful prediction as noted in Mohamed et al (2005). The non – 
cohesive material is better predicted with lower values of Theil’s coefficient of 0.44, root mean 
square error of 2.15; mean square error of 4.62 and coefficient of determination of 0.27 but the 
results for mean absolute error and mean absolute percentage error are not realistic compared 
to the other sediments cohesion.  
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Figure 5.9 Scatter plot for (h) cohesive (i) non cohesive (j) unknown sediment cohesion 
Table 5.4 Statistical test results for bed sediment cohesion 
Material 
cohesion 
 Mean 
absolut
e error 
(MAE) 
Root 
mean 
square 
error(RMS
E) 
Theil's 
coefficie
nt (U) 
Mean 
squar
e 
error 
(MSE) 
Mean 
absolute 
percentag
e 
error(MAP
E) 
Coefficient of 
determination
(𝑅2) 
Cohesive 1.46 2.37 0.63 5.63 123.54 0.000022 
unknown  0.66 0.89 0.43 0.8 151.59 0.64 
Non - cohesive 1.65 2.15 0.44 4.62 307.9 0.27 
 
5.10 Distribution fitting Analysis: uncertainty modelling 
Distribution fitting of the ratios of predicted to field observed scour depths were carried out 
using the MATLAB distribution fitting tool. The procedure is as described herein as follows. 
The  ratios between predicted and field observed scour for all the data points in the database 
are first obtained and imported into Matlab workspace to be used in the distribution fitting tool 
j 
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where the data set is created in the variable editor. Next step was to define bin-width/number 
of histograms to visualise the data. The histograms of the data are plotted by defining 
appropriate number of bins to define the interval ranges to which the data points will be 
distributed. A typical example of a histogram created in MATLAB is shown in Figure 5.10. 
The number of bins used in the histograms was estimated according to Ayyub and McCuen 
(1997) using the equation: 
                                    𝑘 =  1.0 +  3.3𝐿𝑜𝑔(𝑁)                                                          (5.36) 
  𝑤ℎ𝑒𝑟𝑒 𝑘 =  𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑏𝑖𝑛;  𝑁 =  𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑎𝑡𝑎       
 Once the histogram is plotted, then MATLAB offers the capability of selecting different 
distributions, from a wide range, to plot or fit on top of the histogram, as shown in Figure 5.10, 
in order to assess if it is a good fit or not to the data. Depending on the chosen distribution, 
MATLAB produces the estimated values of the mean, standard deviation, log likelihood, log 
location and scale including standard error of the parameters based on the fitted distribution. 
Finally the probability density functions (PDF), cumulative distribution functions (CDF) and 
probability plots are created/evaluated from MATLAB for the chosen distribution tested 
against the data during the distribution fitting.   
Goodness-of-Fit Test using Kolmogorov-Smirnov (k-s) test was then used to determine the 
distribution that best fits the data. The entire data was divided into smaller data sets to capture 
differences under different conditions (i.e. sediment transport condition, sediment cohesion, 
shape of pier, etc). For most of the data sets, lognormal distribution was found to be the best 
fit. The chosen or most fitted distribution out of the all the distributions (i.e. lognormal, 
exponential, extreme value etc) can be used as a modelling uncertainty factor for more reliable 
predictions. This is achieved by considering 95% probability factor on a curve – shaped 
probability distribution used in conjunction with the selected probability distribution function 
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(PDF) as indicated in figures 5.31 – 5.38 obtained based on K – S goodness – of – fit test which 
is applied to the ratio of the predicted to the observed scour depths. As lognormal was found 
to fit most of the data for pier type, sediment transport and sediment cohesion, probability at 
the 5% tail to the left of the PDF was used to modify the scour ratio of BD97/12 predicted to 
field observed scour. 
 
Figure 5.10 Typical histogram plotted in MATLAB 
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Figure 5.11 Probability distribution fitting on histogram 
 
 Statistical distribution fitting results and discussion  
Statistical distribution fitting tests were further carried out on results of the field-measured 
scour data. The lognormal, exponential, generalised extreme value and Weibull distributions 
were initially considered to be assessed against the scour data. Table 5.6 consists of the 
distribution fittings with their respective distribution parameters, mean and variances. It can be 
seen from Table 5.6 that all the distributions are not described by the same parameters. 
Lognormal distribution is described by location and scale, Exponential by location, 
Generalized Extreme Value by location, shape and scale while Weibull is described by shape 
and scale parameters. 
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The accuracy of the distributions representing the ratio of the predicted to the observed scour 
depth was tested against the data using the Kolmogorov-Smirnov statistics (also known as the 
K-S test). Distribution fittings which satisfied the K-S test are presented in this report. K-S is 
used to verify that the data results were well represented by the probability function (Ayyub 
and McCuen, 1977), and it can be used for testing both small and large samples of data. K-S 
test is a measure of the maximum absolute deviation or difference between values of the 
cumulative distribution functions of the fitted distribution and the actual data (Ayyub and 
McCuen, 1997).  
 Pier shape 
Table 5.6 represents values of Kolmogorov-Smirnov goodness of fit test and log-likelihood of 
the distributions. The scale parameters in Table 5.6 minimised the log-likelihood of the 
respective distributions.  
For the Generalized extreme value (GEV) distribution, the estimated location parameter was 
2.23, shape parameter of 0.16 while the estimated scale parameter was 1.29. The three 
parameters fitted the distribution at log-likelihood value of -86.65 for the cylindrical piers. The 
lognormal had log-likelihood of -86.29 estimated by location parameter of 0.98 and scale 
parameter of 0.62 while generalized extreme value and exponential distributions had log-
likelihoods of -86.65 and -101.81 estimated by the respective corresponding parameters 
indicated in Table 5.6. 
The lognormal, exponential, generalized extreme value and the Weibull distributions fitted the 
cylindrical pier-type data well. The highest absolute difference between the empirical 
cumulative probability distribution and the sample distribution values that were used to 
compare with the Kolmogorov – Smirnov test are shown in Table 5.6.  The lognormal fitted 
the scour ratio between the estimated scour and the field measured scour with a maximum 
Bridge Scour - Climate Change Effects and Modelling Uncertainties. 
 
  
FRIDAY THOMAS EKUJE  2018 273 
 
difference of 0.1262 against the K-S test value of 0.1943 at 0.05 level of significance while for 
Weibull the difference is 0.1292; for generalized extreme value (GEV), the difference is 0.1292 
and exponential gave a difference of 0.1410 at the same level of significance. The fitted 
histogram is positively skewed and has a long or fat tail which means the cylindrical piers have 
extreme scour ratios between computed scour and field observed scour. 
Table 5.5 Parameter estimates from the distribution fitting for different pier shapes at 
95% level of significance 
Pier shape Distribution 
Location 
(mu) 
Shape (k 
or B) 
Scale (sigma or 
A) 
Mean Variance 
Cylindrical 
 
 
 
Lognormal 0.98  0.62 3.24 4.99 
Exponential 2.94   2.94 8.63 
GEV 2.23 0.16 1.29 3.22 4.68 
Weibull  1.77 3.62 3.22 3.51 
Round 
 
 
 
Lognormal 0.92  0.58 2.97 3.55 
Exponential 2.97   2.97 8.8 
GEV 2 0.2 1.37 3.11 6.18 
Weibull  1.82 3.36 2.99 2.89 
Sharp 
 
 
 
Lognormal 1.14  0.94 4.88 33.78 
Exponential 0.24   5.08 25.79 
GEV 1.58 1.5 1.06   
Weibull  1.01 5.11 5.08 25.12 
Square Lognormal 1.08  0.71 3.82 9.71 
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Table 5.6 Goodness of fit information by distribution for different pier shape 
Pier shape Distribution Log-likelihood K-S Critical D Highest D 
Cylindrical 
Lognormal -86.29 0.1943 0.1262 
Exponential -101.81 0.1943 0.1410 
GEV -86.65 0.1943 0.1292 
Weibull -87.60 0.1943 0.1292 
Round 
Lognormal -402.08 0.0887 0.0530 
Exponential -467.61 0.0887 0.1252 
GEV -471.45 0.0887 0.1530 
Sharp 
Lognormal -269.48 0.1309 0.0497 
Exponential -283.50 0.1309 0.1033 
GEV -257.76 0.1309 0.0849 
Weibull -283.48 0.1309 0.1257 
Square Lognormal -237.92 0.1263 0.0799 
 
Figures 5.12 – 5.14 show the probability and cumulative distributions and probability plots for 
lognormal, generalized extreme value, Weibull and exponential distributions for the case of 
cylindrical piers. The probability distribution plots for lognormal and generalized extreme 
value distributions (Figures 5.12c and 5.13c) show that their probability lines fit the scatter 
points better than the other distributions, although the points can be seen to tail off at the top 
and lower parts of the figure plots. Therefore, it can be said that the lognormal distribution 
provides significant positive fitting relationship between the computed and field observed 
scour depth at 95% level of significance. The probability density function for the lognormal 
distribution is given as: 
𝑝𝑑𝑓 =
1
𝑥
 .
1
𝜎√2𝜋
. 𝑒𝑥𝑝 (−
(ln𝑥−𝜇)2
2𝜎
)                                                           (5.37) 
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𝑤ℎ𝑒𝑟𝑒 𝑥 = 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑠𝑐𝑜𝑢𝑟 𝑡𝑜 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑠𝑐𝑜𝑢𝑟;   𝜇 = 𝑚𝑒𝑎𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑐𝑜𝑢𝑟  
𝑟𝑎𝑡𝑖𝑜;  𝜎 = 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛; ln 𝑥 = 𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑙𝑜𝑔. 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑐𝑜𝑢𝑟 𝑟𝑎𝑡𝑖𝑜𝑠; 𝑝𝑑𝑓 =   
𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑜𝑔𝑛𝑜𝑟𝑚𝑎𝑙 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑐𝑜𝑢𝑟 𝑟𝑎𝑡𝑖𝑜. 
The PDF (of the best fit distribution) is useful in obtaining modelling probability factor for the 
correction of Highway scour equation. The best fit distribution is ascertained with CDF in 
combination with Kolmogorov – Smirnov test.  
From table 5.6 it can be seen that lognormal distribution fits the computed – field observed 
scour ratio for all the pier types. This is due to the fact that lognormal distribution has the least 
value of difference between empirical CDF and the theoretical CDF with a value of 0.1262 
compared to 0.1410 for exponential, 0.1292 for GEV and Weibull distributions respectively 
when matched against K – S critical value of 0.1943. Note that the value for any distribution 
must be less than the critical value to be considered as been better and further to this, the least 
value of the distributions is selected as the best fit and in this case, lognormal for cylindrical 
pier. For round piers, lognormal has the least value with 0.0532 when matched against the 
critical K – S value of 0.0887. Similarly, for sharp and square piers, lognormal distribution is 
the best fit as the table shows. The PDF, CDF and probability plots for round, sharp and square 
piers are not presented as they tend to be identical with those of cylindrical piers. 
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Figure 5.12 Lognormal probability distribution distribution fitting for cylindrical piers  
(a) PDF (b) CDF (c) probability plot 
 
a 
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Figure 5. 13 Generalized extreme value distribution fitting for cylindrical piers (a) PDF 
(b) CDF (c) probability plot 
b 
c 
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Figure 5.14 Exponential probability distribution of computed –field observed scour ratio 
for cylindrical piers (a) PDF (b) CDF (c) probability plot 
 Material cohesion 
Tables 5.7 and 5.8 summarise the results from the distribution fitting for different channel bed 
material cohesions. The Lognormal, exponential, generalized extreme value and Weibull 
distribution failed the Kolmogorov – Smirnov test for cohesive bed material as shown in Table 
5.7. Cohesive material was better fitted with extreme value and normal distributions. For the 
former, the location parameter was estimated as 1.53 and the mean and variance 1.53 and 2.33, 
respectively as indicated in Table 5.7. The log-likelihood of the estimate was found to be -
25.68. Probability distribution function (PDF) for extreme value is given as: 
                                          𝑓(𝑥) =  
1
𝛽
 . 𝑒
(
𝑥−𝜇
𝛽
)
. 𝑒𝑥𝑝 [−𝑒
(
𝑥−𝜇
𝛽
)
]                                             (5.38)                        
where  𝛽 = 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 ;   𝜇 = 𝑚𝑒𝑎𝑛. 
Normal distribution was also found to produce a good fit to the cohesive material scour data as 
shown in Table 5.7 with a lower log-likelihood value of -23.92, which is much lower than that 
c 
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for extreme value distribution. The probability distribution function (PDF) for normal 
distribution is as follows: 
                                            𝑓(𝑥) =  
1
𝜎√2𝜋
𝑒𝑥𝑝 [−
1
2
(
𝑥−𝜇
𝜎
)
2
]                                         (5.39) 
where  𝜇 = 𝑚𝑒𝑎𝑛;      𝜎 = 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛  𝑜𝑓 𝑡ℎ𝑒 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛.    
The probability distribution and cumulative distribution functions and the probability plot for 
the normal and extreme value distributions are presented in Figures 5.15 and 5.16 respectively.      
Table 5.7 Parameter estimates from the distribution fitting for different material 
cohesions 
    
Material 
cohesion 
Distributio
n 
Location 
(mu) 
Shape (k 
or B) 
Scale 
(sigma or 
A) 
Mean Variance 
Cohesive 
Lognormal 0.67  1.64 7.44 746.15 
Exponential 3.36   3.36 11.30 
Weibull  1.24 3.53 3.29 7.15 
Extreme 
value 
1.53   1.53 2.33 
Normal 1.53   1.53 4.97 
Non-cohesive 
Lognormal 1.08  0.79 4.02 14.02 
Exponential 4.12   4.12 16.95 
GEV 2.16 0.49 1.51 4.42 320.90 
Weibull  1.19 4.41 4.16 12.24 
Extreme 
Value 
2.67  2.32 1.34 8.83 
Unknown 
material 
Lognormal 0.75  0.57 2.48 2.39 
Exponential 2.49   2.49 6.18 
GEV 1.70 0.28 0.88 2.54 4.01 
Weibull  1.78 2.81 2.50 2.11 
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Table 5. 8 Goodness of fit information by distribution for different material cohesions 
Material 
cohesion 
Distribution Log-likelihood K-S Critical D Highest D 
Cohesive 
Lognormal -12.40 0.4101 0.615 
Exponential -11.06 0.4101 0.610 
Weibull -10.94 0.4101 0.6203 
Exponential -15.66 0.4101 0.666 
Extreme 
value 
-25.68 0.4101 0.359 
Normal -23.92 0.4101 0.373 
Non-cohesive 
Lognormal -827.81 0.0702 0.024 
Exponential -883.90 0.0702 0.062 
GEV -827.66 0.0702 0.024 
Weibull -837.32 0.0702 0.051 
Unknown 
cohesion 
Lognormal -195.47 0.1231 0.0373 
Exponential -233.07 0.1231 0.259 
GEV -196.22 0.1231 0.047 
Weibull -205.22 0.1231 0.085 
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Figure 5.15 Normal distribution probability for cohesive material ((a) PDF (b) CDF (c) 
probability plot 
 
c 
b 
a 
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Figure 5.16 Extreme value distribution probability for cohesive bed material (a) PDF 
(b) CDF (c) probability plot 
 
For the unknown channel bed material cohesion, as Table 5.8 above shows, except for the 
exponential distribution, the lognormal, Weibull and generalized extreme value distributions 
passed the Kolmogorov – Smirnov test. As the table reveals, the lognormal distribution was 
found to provide the best fit at 95% level of significance with an absolute difference of 0.0373 
measured against the critical K-S goodness of fit value of 0.1231, as compared to the 
generalized extreme value (GEV) and Weibull which had values of 0.047 and 0.084 
respectively. Given that lognormal, generalized extreme value and Weibull distributions can 
be used to estimate unknown bed material cohesion, the probability distribution equations of 
c 
b 
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Weibull and generalized extreme value distributions are presented. Formula for the probability 
distribution for the general Weibull distribution is: 
                               𝑓(𝑥) =  
𝛽
𝛼
(
𝑥−𝜇
𝛼
)
𝛽−1
𝑒𝑥𝑝 [− (
𝑥−𝜇
𝛼
)
𝛽
]                                   (5.40) 
Where 𝛽 = 𝑠ℎ𝑎𝑝𝑒 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟; 𝜇 = 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 𝑎𝑛𝑑 𝛼 = 𝑠𝑐𝑎𝑙𝑒 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟. 
However where 𝜇 = 0, Equation 5.37 reduces to the Equation 5.38 below for a two-parameter 
Weibull distribution formula. 
                           𝑓(𝑥) =  
𝛽
𝛼
(
𝑥
𝛼
)
𝛽−1
𝑒𝑥𝑝 [−(
𝑥
𝛼
)
𝛽
]                                           (5.41) 
The generalized extreme value (GEV) PDF is given as: 
           𝑓(𝑥) =
1
𝜎
 𝑒𝑥𝑝 [− (1 + 𝑘 (
(𝑥−𝜇)
𝜎
))
−1/𝑘
] (1 + 𝑘 (
(𝑥−𝜇)
𝜎
))
−1−1/𝑘
         (5.42) 
Where 𝜇 = 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟;  𝜎 = 𝑠𝑐𝑎𝑙𝑒 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 𝑎𝑛𝑑  𝑘 = 𝑠ℎ𝑎𝑝𝑒 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 for 
k𝑘 ≠ 0.  
The probability distribution and cumulative distribution functions and the probability plot for 
lognormal distribution are shown in Figures 5.17a-c. As Figure 5.17a shows, the histogram is 
positively skewed and has both extreme low and high scour ratios of field to computed scour.  
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Figure 5.17 Lognormal probability plot for unknown bed material (a) PDF (b) CDF (c) 
probability plot 
 Bed material transport conditions 
Tables 5.9 and 5.10 summarise the parameter estimates from the distribution fitting and 
Kolmogorov-Smirnov tests carried out for different bed material transport conditions. As Table 
5.11 shows, for clear-water condition the scour ratios of computed to field scour depths are 
described well by the lognormal, generalized extreme value and exponential distributions, 
except the extreme value distribution. Changing the exclusion rule for the exponential 
distribution improved its success on K-S test from absolute value of 0.1350 denoted by 
exponential (fit 1) to a value of 0.1210 indicated against exponential (fit 2) in Table 5.10. 
Therefore the estimation parameter for Exponential (fit 2) gave a model estimate of 5.244, 
mean of 5.24 and variance of 27.50.This is similar to generalized extreme value condition as 
shown in Table 5.11 below denoted by GEV (fit 1) and GEV (fit 2). For clear water scour 
condition it can be seen from Figures 5.18 -5.20 for lognormal, GEV and exponential 
distributions respectively, that the cumulative distribution function fittings of Figures 5.18b 
c 
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and 5.19b and the probability plots of Figures 5.19c and 5.20c for GEV and exponential 
distribution fittings, respectively, tends to give good results compared to that of lognormal 
distribution. Given that mere visualisation is not appropriate to determine the best fitting, the 
Kolmogorov – Smirnov test results shown in Table 5.10 reveal GEV with a deviation of 0.0818 
gives the best fit as seen for clear water condition. Next to GEV is the result of lognormal 
distribution with a deviation (D) of 0.1138  
Table 5.9 Parameter Estimates from the Distribution Fitting for bed material transport 
Bed Material 
Transport 
Distribution 
Location 
(mu) 
Shape (k 
or B) 
Scale 
(sigma or 
A) 
Mean 
Varianc
e 
 Lognormal 1.00  0.68 3.58 7.65 
Clear water 
Exponential (fit 1) 6.02   6.02 36.28 
GEV (fit1) 2.64 0.83 1.77 12.23  
GEV (fit 2) 2.25 0.48 2.32 5.67 542.59 
Extreme value 9.98  10.46 3.95 179.82 
Exponential (fit 2) 5.24   5.24 27.50 
Live bed 
Lognormal 1.01  0.77 3.70 10.96 
Exponential 3.61   3.61 13.05 
GEV 2.20 0.29 1.53 3.69 12.71 
Weibull  1.40 3.99 3.64 6.89 
Gamma  1.99 1.82 3.61 6.57 
Unknown 
transport 
Lognormal 0.80  0.58 2.65 2.84 
Exponential 2.72   2.72 7.40 
GEV 1.68 0.52 0.78 2.95  
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Table 5.10 Goodness - of - fit information by distribution for bed material transport 
Material 
cohesion Distribution Log-likelihood 
K-S Critical 
D Highest D 
Clear water Lognormal -176.42 0.1297 0.1138 
  Exponential (fit 1) -265.59 0.1297 0.1350 
  GEV (fit 1) -246.76 0.1297 0.1259 
  GEV (fit 2) -296.11 0.1297 0.0818 
  Extreme value -353.93 0.1297 0.3120 
  Exponential (fit 2) -292.99 0.1297 0.1210 
Live bed Lognormal -532.58 0.0867 0.0193 
  Exponential -562.00 0.0867 0.1252 
  GEV -532.54 0.0867 0.0270 
  Weibull -540.15 0.0867 0.0543 
  Gamma -533.91 0.0867 0.0406 
Unknown 
cohesion Lognormal -245.26 0.1103 0.0395 
  Exponential -292.15 0.1103 0.2421 
  GEV -236.46 0.1103 0.0395 
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Figure 5.18  Lognormal distribution for clear water (a) PDF (b) CDF (c) probability plot 
b 
c 
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Figure 5.19 Generalized extreme value (GEV) (a) PDF (b) CDF (c) probability plot fitting 
for clear water condition. 
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Figure 5. 20  Exponential probability plot for clear water transport condition (a) PDF (b) 
CDF (c) probability plot 
 
Live-bed scour condition is well estimated with lognormal, GEV, gamma and Weibull 
distributions in order of result performance measured against the K-S test as can be seen from 
b 
c 
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Table 5.9. The PDF, CDF and probability plots for lognormal, GEV and Weibull distributions 
which had the least values of absolute differences are presented in Figures 5.21 – 5.23. Similar 
to pier shape and material cohesion, the fitted histograms are positively skewed as shown in 
the figures. The best distribution fitting for live – bed scour condition is lognormal distribution 
which has its highest difference obtained from Figure 5.20b as 0.0193 as shown in the table 
and the least difference with reference to the K – S test of 0.0867.  The next best is the GEV 
distribution which has a difference D of 00270. Therefore, lognormal distribution fitting is used 
to obtain the uncertainty probability factor presented in this chapter using the lognormal PDF 
figure (i.e. figure 5.21a). 
 
a 
Bridge Scour - Climate Change Effects and Modelling Uncertainties. 
 
  
FRIDAY THOMAS EKUJE  2018 295 
 
 
 
Figure 5.21 Lognormal distribution fitting for live-bed scour condition (a) PDF (b) CDF 
(c) probability plot 
b 
c 
Bridge Scour - Climate Change Effects and Modelling Uncertainties. 
 
  
FRIDAY THOMAS EKUJE  2018 296 
 
 
 
b 
a 
Bridge Scour - Climate Change Effects and Modelling Uncertainties. 
 
  
FRIDAY THOMAS EKUJE  2018 297 
 
 
Figure 5.22 Generalized extreme value distribution for live bed scour condition (a) PDF 
(b) CDF (c) probability plot 
 
c 
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Figure 5.23 Weibull probability distribution function for live bed (a) PDF (b) CDF (c) 
probability plot 
 
As can be seen from Table 5.10, only the lognormal and generalized extreme value 
distributions passed the K-S test, both with a value of – 0.0395 relative to the K-S statistics test 
value of 0.1103 at 95% level of significance. The distribution parameters estimated from the 
distribution fittings are presented in Table 5.10. Figures 5.24 and 5.25 below show the 
c 
b 
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probability density and cumulative distribution functions as well as the probability plots for the 
lognormal and GEV statistical distributions. Therefore from the table alongside the figures, 
lognormal is the best fitting distribution which can be used on the ratios of computed – field 
scour depth for modelling correction of the highway scour assessment equation for predicting 
scour at bridge piers. 
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Figure 5.24 Lognormal probability distribution for unknown bed material (a) PDF (b) 
CDF (c) probability plot 
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Figure 5.25 GEV probability distribution fitting for unknown transport (a) PDF (b) 
CDF (c) probability plot 
 
 Distribution fitting for the entire database 
Figure 5.26 shows the scatter plot comparing the BD 97/12 predictions with the field 
measurements considering, this time, the entire database. It can be seen in the figure that the 
majority of the scatter points are above the line of equality. Furthermore, the scatter points 
which are clustered around the line of equality at near the origin of the plot are mostly at a steep 
slope than being parallel to the line as shown in the figure. The statistical evaluation results for 
the data base resulted in a coefficient of determination value equal to 0.27, Theil’s coefficient 
equal to 0.43, root mean square error (RMSE) value of 1.96, mean absolute error (MAE) value 
of 1.44, mean square error (MSE) value of 3.84 and mean absolute percentage error (MAPE) 
of 273.11. A coefficient of determination of 0.27 is an indication of high deviation between the 
code-predicted scour values and the field measured scour.  
Statistical distribution fitting for the data are shown in Figures 5.27–5.30, where lognormal, 
exponential and generalized extreme value distributions were trialled with the data.  
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Figure 5.26 Scatterplot of computed scour against field observed scour for entire data 
base 
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Figure 5.27 Lognormal probability plot for entire data base (a) PDF (b) CDF (c) 
probability plot 
b 
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Figure 5.28 Exponential probability distribution for database (a) PDF (b) CDF (c) 
probability plot 
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Figure 5.29 GEV probability fitting plot for entire data base (a) PDF (b) CDF (c) 
probability plot 
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5.11 Modification of highway code for improved field scour depth 
prediction 
In this section and following the distribution fitting discussed in chapter (5) five, the use of the 
modelling uncertainty factors derived from the comparisons of the code model predictions and 
real field measurements, is discussed in relation to material cohesion, pier shape and bed 
material transport conditions. 
5.10.1 Material cohesion 
From the probability distribution function for non – cohesive material, a probability of 0.4 was 
obtained and applied to all the conservative scour depth predictions obtained from the BD97/12 
scour model. Figure 4.30 show plot of the scour ratio ranked in ascending order for both the 
initial and the modified BD97/12 – field scour ratio. As can be seen, use of the modelling 
uncertainty factor reduces the deviations between the code predictions and field data. A further 
figure, which shows a scatter plot in Figure 4.29, indicates the scatter plot showing the line of 
equality in the middle. 
 
Figure 5.30 The effect of using the modelling uncertainty factor developed on scour 
ratio for non – cohesive material 
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For unknown bed material transport, the scour ratio ranged between 0.64 and 7.46, for a total 
of 122 data points. Uniform probability was not applied to the scour ratio with regards to the 
unmodified BD9712 values. Scour ratios of 4.75 to 7.46 were modified based on a 10% 
probability value, associated with a modelling factor of 0.21 for the factor, reducing the scour 
ratios of 0.96 to 1.57, bringing them closer to the line of equality. For scour ratio ranges 
between 2.97 to 4.47 a factor of 0.33 (associated with a 15% probability) was applied, therefore 
reducing the scour ratios down to 0.98 to 1.48. The remaining scour ratio ranges were modified 
as follows: 2.44 to 2.75 with a factor of 0.39 (for a 20% probability) while the range 0.64 to 
2.38 was not modified. Scour data for cohesive bed material was much more limited as 
compared to non-cohesive material, therefore comparisons have not been made as they may 
not lead to meaningful observations.  
 
Figure 5.31 Scatter plot for initial and modified BD 97/12 predictions for non-cohesive 
material 
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Figure 5.32 Scatter plot for initial and modified BD 97/12 predictions for unknown 
material 
5.10.2  Bed material transport 
Figure 4.32 show a scatter plot comparing the modified and unmodified scour ratios for clear 
– water scour condition. The initial BD 97/12 computed scour depths were modified by using 
the proposed modelling uncertainty factor with a value of 0.45 (corresponding to a 5% 
probability level). As shown in the figure, this assist towards reducing the differences between 
estimated and field observed scour depths. The above probability value was applied to local 
scour depths and scour ratios. From the figure, it can be seen that the modified results cluster 
around the line of equality more frequently than those of the unmodified. 
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Figure 5.33 Scatter plot for initial and modified BD 97/12 predictions for unknown 
material 
Scatter plot for initial and modified BD 97/12 predictions for unknown material 
For live-bed scour conditions, as shown in Figure 5.33, the results have been modified by using 
a modelling uncertainty factor of 0.31 (corresponding to a 5% probability level), however at 
95% the probability is insignificant for any meaningful modification due to the fact that the 
probability distribution function diagrams for all the considered parameters were positively 
skewed to the right as presented in chapter five. 
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Figure 5.34  Scatter plot for initial and modified BD 97/12 predictions for live-bed 
conditions. 
5.10.3 Pier type 
Modification of the BD 97/12 code predictions for cylindrical piers was achieved by using the 
modelling uncertainty factor with different probability factors obtained from the corresponding 
probability distribution as follows; A factor of 0.2 at 10% probability level applied to local 
scour ratios between 5.63 – 8.34, a factor of 0.28 for scour ratios between 2.98 – 4.38 and a 
factor of 0.41 for scour ratios between 1.89 – 2.74 while scour ratios below the value of 1.89 
were not factored. The factored scour depth was such that the ratio of BD97/12 to the field 
observed scour was at least 75% in order to achieve clusters of at least 35% above and below 
unity (i.e. the line of equality) except where unavoidable in few areas. Figure 4.35 below is a 
plot for the corrected and uncorrected scatter plot for cylindrical piers. 
0
2
4
6
8
10
0 2 4 6 8 10
B
D
9
7
/1
2
 c
o
m
p
u
te
d
 s
co
u
r 
(m
)
Field observed scour (m)
Comparison of scatter plot of modified and unmodified scour 
ratios for live - bed scour 
Unmodified scour ratio
modified scour ratio
Bridge Scour - Climate Change Effects and Modelling Uncertainties. 
 
  
FRIDAY THOMAS EKUJE  2018 312 
 
 
Figure 5.35 Scatter plot for initial and modified BD 97/12 predictions for cylindrical 
piers. 
 
Figure 4.35 is scatter plot for round piers comparing the modified and unmodified BD 97/12 
predictions. The corrections were made by using modelling uncertainty factor of 0.39, 
corresponding to 5% probability level, with scour ratio values between 2.13 to 2.06 and a factor 
of 0.42, corresponding to 7.5% probability level, for scour ratio values from 1.79 to 2.06; those 
scour ratios below 1.79 were left uncorrected. As can be seen in the figure, the modified results 
provide much better predictions as they are closer to the line of equality.  
For sharp piers, results of which are shown in Figure 4.36, updating of the local scour depths 
was carried out by using a modelling factor of 0.20 (5% probability level) for scour ratios 
between 4.10 to 37.54, a factor of 0.46 (10% probability level) for ratios between 2.11 to 3.51, 
while a factor of 0.65 was applied to scour ratios between 1.45 to 2.06. Ratios below 1.45 were 
left uncorrected for sharp piers.  
Figure 4.36 show the scatter plot for square piers, comparing the modified and unmodified BD 
97/12 predictions.  Modelling uncertainty factors of 0.2 (5% probability), 0.23 (10% 
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probability) and 0.36 (15% probability) have been used for the scour ratio ranges 5.15-14.30, 
3.78-4.78 and 2.08-3.77, respectively.   
 
Figure 5.36 Scatter plot for initial and modified BD 97/12 predictions for round piers. 
 
 
Figure 5.37  Scatter plot for initial and modified BD 97/12 predictions for sharp piers 
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Figure 5.38  Scatter plot for initial and modified BD 97/12 predictions for square piers 
5.12 Summary  
This chapter presentation the validation of BD 97/12 scour model with field measurements. 
The highway scour document, similar to the majority of scour assessment codes use scour 
prediction models developed from laboratory experimental data, leading to over prediction. 
Bridge scour data collected from the United States Geological Survey in partnership with 
Federal Highway Administration and US State Highway Agencies, was used for the analysis. 
The database consisted of 508 scour observed measurements from 98 bridges obtained during 
flood conditions in the USA. As was mentioned in this chapter, flood caused by severity of rain 
poses challenges to both the bridge as a result of risk of scour and associated difficulties with 
taking scour measurements thus leading to uncertainties and instrument measurement 
inaccuracies.  
The distributions of the data for the different variables investigated were found to be mostly 
positively skewed. The classification for bed transport had measurements of about 48% for 
live-bed, 30% for clear-water and 23% for unknown bed material transport. Round piers had 
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scour measurements accounting for 46%, square piers (23%), sharp piers (22%) and cylindrical 
piers (10%). The measured local scour depth of the database ranged from 0.0 to 7.66m with a 
standard deviation of 1.27m, mean of 1.06m and median depth value of 0.61m. Errors arising 
from instrument measurement and flood effect on the instruments were estimated ranging from 
0.15 to 0.30m/m. 
Evaluation of the data using scatterplots showed that the BD97/12 over predicts scour depth 
for different pier shapes, bed material cohesions and modes of sediment transport. Statistical 
evaluation of the results considering pier shape revealed that the code scour model predicts 
scour depth for round piers more accurately than for cylindrical, square and sharp piers in order 
of performance. It is important to note that different scour code and equations will perform 
differently for the different pier shapes. The code scour model showed better performance for 
non-cohesive than for cohesive bed material.  
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CHAPTER SIX 
 
CONCLUSIONS AND RECOMMENDATIONS 
 
 Summary 
Scour of bridge piers has been documented and reported as the main cause of bridge failures 
around the world. In the US, scour has accounted for about 60% of bridge collapses, having 
adverse consequences to life as well as economic and social development. The principal cause 
of scouring of bridge piers and abutments is flooding. This is expected to intensify under the 
effects of climate change. Climate change resulting from global warming is expected to lead to 
increased precipitation which in turn lead to increased peak river flows and thus lead to 
increased scouring of bridge foundations, having the potential to exacerbate the already 
existing concern about the potential risk of these bridges in the future.  
In the UK, there are separate scour assessment codes for highway (BD 97/12) and railway 
(EX2502) bridges. Understanding the ability of each of these codes towards capturing the 
potential effects of climate change on scour risk is important for bridge owners and managers 
towards better decision-making and long-term planning at an individual bridge as well as 
bridge stock level. Through reviewing in detail the two scour assessment frameworks used in 
the UK for highway and railway bridges, it has been the aim of this study to identify potential 
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limitations of the codes towards this purpose and provide recommendations to adapt them 
towards a changing climate. The Highways Agency (2012) BD 97/12 code was selected for 
further study in this research. This is due to the fact that it is more recent and sophisticated and 
has more predictive capability than EX2502. The capability of BD 97/12 is due to the fact that 
the flow through the river or bridge takes into account the channel width, flow depth and 
channel width which was accommodated by the climate change factors in Environment Agency 
(2016). BD 97/12 also has good ordinal priority rating framework as well as contraction scour 
at a bridge which is based on area of constricted flow through the bridge. Besides, BD 97/12 is 
sensitive to changes in sediment sizes when affected by changes in flow. Thus it was selected 
to develop predictions of climate change. Subsequently, by carrying out detailed scour 
assessments through numerical modelling on a large number of scenarios representing different 
bridge-river channel configuration scenarios, the effects of climate change for these different 
scenarios have been explicitly quantified. The novelty of the study is the level of detail at which 
the entire scour assessment procedure has been followed to take into account the effects of 
climate change on individual bridges considered through different scenarios.       
On the other hand, it is well-established that the majority of the scour prediction models used 
in assessment codes, which have been developed under laboratory conditions, tend to over-
predict scour depths at bridge foundations. There have been studies in the past comparing to 
code predictions with field measurements, such as the HEC-18 code and the Chinese code 
equations. However, no studies, up to date, have been carried out to assess the predictive 
capabilities of the scour models used in UK scour assessment codes. According to the author’s 
knowledge, for the first time this study has extensively utilised the US Geological Survey Scour 
Management Database containing a wide range field scour measurements obtained in a large 
variety of bridge structures and compare them with the BD 97/12 scour model predictions. 
Following a detailed statistical analysis of the comparisons between the code predictions and 
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field measurements, modelling uncertainty factors have been proposed that can be used to 
update the predictions from the code models to bring them closer to real observations. This has 
been one of the main novelties of this study. 
 Conclusions 
This research had the objective of reviewing existing standards for assessing scour in the UK 
both for railway and highway bridges with a view to identifying their suitability to capture 
climate change effects on bridge scour risk. A detailed review of the standards revealed that 
BD 97/12 would be sensitive to changes in river discharge due to increased river flooding 
brought about by climate change; therefore it was deemed to be capable of assessing climate 
change effects on scour risk.  With increases in river discharges expected in the future due to 
climate change, scour risk ratings of bridges subjected to scour will have the potential to shift 
to higher ratings in the hierarchy of risk ratings. Based on this, an improvement of the scour 
rating plot of BD 97/12 is suggested by extending the line defining the boundary between 
priority ratings 1 and 2 in order to assist towards identifying bridges with lower priority factors 
that may transit from a lower risk rating into a higher rating. This was deemed necessary as 
high discharges may be encountered as a result of climate change such that bridges may be 
stretched beyond expected risk levels. This has been one of the novel contribution of this 
research. 
In parallel to the highway scour assessment code, the railway scour assessment standard 
(EX2502)’s suitability in capturing changes in scour risk due to the potential effect of climate 
changes has also been reviewed. The code’s flow depth formula which is based on an empirical 
flow depth – width of river channel relationship revealed that it will not be responsive to 
intended changes in river discharge as a result of climate change, hence unsuitable for this 
purpose. To enable EX2502 capture changes in river discharges due to climate change, a flow 
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depth equation, which incorporates discharge, channel slope and Manning’s number, similar 
to the one used in the Highway Code, has been proposed.  
An extensive parametric analysis using BD 97/12 has been carried out to quantify the change 
in scour risk due to climate change considering a wide range of variables including river 
discharge, channel width, foundation depth, sediment size, angle of attack, and pier width. This 
allowed, through various combinations of these variables, the creation of different scenarios to 
be analysed and assessed. Channel types considered have been wide, intermediate and narrow 
channels. Climate change factors of 30%, 50% and 105% for the UK were selected to be 
applied to river discharges, based on the recommendations of the Environment Agency (2016). 
Earlier precautionary allowances suggested in the UK for the purposes of climate change 
analyses was 25% which was increased from 20% in the past. In some of the scour assessment 
standards, use of 20% is still recommended to account for climate change effects but recent 
studies in the UK have shown that this may not be appropriate anymore as changes to river 
discharges are expected to spatially vary across the country.  
Analysis of bridges at the same location with varying angles of attack, ranging between 0 to 60 
degrees, were found to have differences in scour depths ranging between 15% (0 degrees) to 
61% (60 degrees) for the same river discharge but different sediment sizes. On the other hand, 
for different discharges relative scour depths varying between 1.3 to above 3.0 were found from 
the analysis. Analysis for the same discharge, different sediment sizes for bridges at different 
locations on the same river channel, revealed that angle of attack results into differences in 
relative scour depths varying between 2.05 to 5.23 equivalents to approximately 26% to 52%. 
Based on channel types, it was observed that bridges on narrow channels will be subjected to 
high scour risk where flow discharge is at high angle of attack in comparison to bridges on 
wide channels. The reason being that wide channels have deep flow channels compared to 
narrow channels such that the width of pier will be the main factor contributing to scour while 
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narrow channels, often associated with shallower depths, will have both flow depth and pier 
width contributing to development of scour at the piers. Melville and Coleman (2000) 
highlighted the effect of flow depth shallowness on scour depth. However wide channels with 
excessive discharge can have significant scour depths and thus risk as can be encountered in 
narrow channels. 
With regards to channel width, considering a bridge in a narrow channel (30m width) resulted 
in relative scour depths of 5.25, 6.27, 6.97 and 8.75 for the initial discharge and the percentage 
change factors of 30%, 50% and 105%, respectively, resulting in scour risk ratings of 2 for 
each discharge. On the other hand, for a bridge on a 50m channel width subjected to the same 
river discharge and having similar sediment sizes, number of piers and angle of attack, the 
relative scour depths were found equal to 4.14, 4.65, 4.95 and 5.86 for the initial discharge and 
its climate change allowances, equivalent to scour risk ratings of 3, 3, 3 and 2, respectively. 
This indicates that channels that have small widths will have high relative scour depth and 
scour risk.  
Scour risk for different sediment sizes was found to differ significantly comparing smaller river 
sediment sizes to larger sediment sizes. For a river channel width of 120m, 1.10m pier width, 
1.0m foundation depth and 0 degree angle of attack, the relative scour depth for a 1,000 cubic 
metre per second river discharge was found to vary from 8.48 to 3.76 for a range of sediment 
sizes varying between 5mm to 45mm. The corresponding scour ratings were found to vary 
between 2 to 3.  
With regards to pier shape, differences between sharp, round and rectangular piers were found 
not to be significant. The maximum differences in scour depths amongst the various pier shapes 
was found not to exceed 20% for all discharges considered.     
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Results considering the effect of foundation depth indicated that deep foundations have 
considerably reduced relative scour depths, and therefore reduced risk ratings, in comparison 
with shallow foundation depths. Comparing a range of foundation depths between 1.0m to 
1.75m and considering the same conditions for the remaining variables, revealed that when the 
shallower foundation (1.0m) resulted in high risk ratings, the 1.75m foundation resulted in 
medium risk rating levels for all the discharges assessed. Differences in relative scour depth 
found between the 1.0m and 1.25m foundation depths were in the order of 20% whereas when 
comparing the 1.0m and 1.75m foundation depths the differences increased to 43%. Further 
analysis which compared different foundation depths subjected to different angles of attack 
varying between 0 to 30 degrees and for discharges varying between 1,000 to 2,050cms, 
resulted in significant differences in relative scour depths reaching up to a maximum of 270% 
percent.  
Results for scour depth considering the effect of contraction ratio showed it can have a 
significant effect on scour risk on bridges. Considering bridges over the same river channel 
having the same number of piers but different pier widths varying between 0.5m to 2.3m, 
having contraction ratios between 0.06 to 0.26, resulted in a relative scour depth of 3.99, 
equivalent to risk rating of 3, of the 0.5m pier while for the 2.3m pier width the relative scour 
depth was found equal to 7.35, equivalent to risk rating of 2. These values were obtained for 
an initial discharge of 250 cubic metre per seconds. As the initial discharge was increased 
considering climate change allowances, the risk ratings shifted into the high risk rating of 1.  
In summary of the parametric analysis, the following can be observed: 
 Angle of attack is a scour factor that has the most significant scour risk effect on bridge 
foundations irrespective of location of bridge and channel type.  
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 Bridges on narrow channels experience higher risks than wider channels when 
subjected to higher discharges as a result of the effect of their shallow channel depths 
in comparison to wider channels which are often deeper and of higher discharges. 
 No significant percentage differences in the scour depth were observed for bridges on 
narrow and wide channels when their sediment sizes and angles of attack are the same. 
 Bridges on channels with smaller sediment sizes have higher scour risk due to the 
increased magnitude of scour depth as a result of their erodibility as compared to larger 
sediment sizes.  
 Bridges with shallow foundations are subject to significantly increased risk than those 
with deeper foundations. Even small differences in foundations depth were found to 
have significant effect on scour risk. Therefore, bridges of unknown foundations that 
may incidentally have shallow foundation depths are at high risk due to climate change 
effect that will exacerbate flooding of rivers. 
 The contraction ratio effect on bridge scour was also found to be significant, following 
the effects of angle of attack, foundation depth and sediment sizes. 
 Contraction scour depths were found to far exceed local scour depths at high river 
discharges. Therefore, contraction scour contributes to larger proportion to scour risk 
when local scour depths have reached their maximum values under live-bed conditions. 
On the other hand, at lower river discharges under clear-water conditions, local scour 
depth at a bridge could be greater than contraction scour and climate change may be 
expected to affect both types.  
The specific contribution of this research to knowledge can be summarised as follows: 
1. Uncertainty modelling of the BD 97/12 scour equation through comparison with measured 
field scour data to improve the scour prediction of the models. The modification was achieved 
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by fitting probability distributions to the data representing the ratio of predictions with BD 
97/12 to field measurements. The most appropriate distributions for different subsets of the 
results were identified though statistical tests and proposed as modelling uncertainty factors 
that can be used with the code predictions to bring them to more realistic levels. Findings show 
that lognormal distribution fitted the scour data better than generalised extreme value and 
exponential distributions for pier type, sediment transport and cohesion after passing 
Kolmogorov – Smirnov test. 
2. Modification of the scour priority rating plot within BD 97/12 was proposed to capture scour 
ratings brought about by increased discharge due to changes in climatic conditions. This was 
not possible with the existing priority rating plot of the Code.  
3. Quantification of changes in risk due to climate change for different bridge/river 
configurations using the BD 97/12 scour assessment procedure. This provided insight into 
which bridge/river configurations are likely to be more susceptible to climate change effects 
and can be helpful for bridge owners/managers to prioritise their bridge with respect to scour 
risk.  
4. Recommendations for modification of the Railway scour assessment code to capture climate 
change effects were also provided. These recommendations were suggested as means of over-
coming particular difficulties/challenges of the railway code towards climate change analysis 
on scour.  
Recommendations  
Based on this research, the following recommendations are made: 
 Consideration should be given by bridge owners to bridges that have contraction ratios 
above 0.3 as this may have significant influence on their scour risk rating. To 
designers, contraction ratio should constitute one of the important factors of 
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consideration in designing bridges such that effect of scour would not lead to 
excessively high risk. Therefore low contraction ratios are recommended for/during 
design. 
 Angle of attack has been observed to be different under different floods even for the 
same bridge. Managers who have large bridge stocks should monitor bridges with a 
view to determining angle of attack to the piers of bridges. Where it is observed that 
the angle of attack is high, for instance above 30 degrees, inspection and reassessment 
of bridge piers/foundations is recommended to determine the extent of contraction and 
local scour depths developed.  
 Bridges of unknown foundations should be frequently monitored as they may be 
associated with high scour risk rating levels, especially under a changing climate. 
 Scour monitoring will not only assist towards monitoring the condition of a bridge 
against flood events and decide on operational actions, i.e. when the bridge needs to 
be closed or re-opened following a flood, but it will also provide extremely useful data 
that can be used for comparisons with code predictions. It is, therefore, recommended 
that the UK also creates a scour field measurement database, similar to the one in the 
USA that was used for this study, since the nature of the rivers in the UK may be 
relatively different to the ones in the States. 
 Bridges over river channels with smaller sediment sizes scour more than those with 
larger sediment sizes. To reduce excessive scouring at bridge locations improvements 
such as use of gabions are recommended. Reduction in local and contraction scour 
depths observed with larger sediment sizes means that boulder sediments should be 
used for improvement in the vicinity of bridges to keep both local and contraction 
scour levels lower. 
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 Recommendations for future work 
Following the research reported and in view of the findings stated in this thesis, 
recommendation for further research are identified as follows: 
 This study can be extended by considering additional scenarios of combinations of 
different variables to capture a wider variation of different conditions when assessing 
scour risk. 
 A full probabilistic analysis, following the parametric analysis carried out in this study, 
will fully capture the uncertainties associated with the different variables and offer 
probabilistic estimates of scour depths and scour risks that can be considered by bridge 
owners/managers based on their risk appetite.  
 A Database of field flood related scour depth measurements of bridges should be 
developed and maintained for research purposes such that the continuously evolving 
data, as measurements become available in this, can be continually used to validate the 
existing scour assessment documents in the UK with which they were developed. 
 The effects of subsequent floods on the development of scour holes and the scour risk 
rating is worth considering further, as not much is available in this area in the literature.  
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APPENDIX A 
Table A1  Relative scour for sharp pier ridges of 1.0m foundation depth on narrow 
channels  
Scour depth for 1.0m foundation depth, sharp piers 
Discharge Relative scour Diff from Q % diff from Q Pier type Count 
Q 0.44 - 3.35 
  
Sharp 2000  
3.36 - 4.69   
 
Sharp 2501  
4.69 - 6.30 
  
Sharp 2503  
6.31 - 18.89 
  
Sharp 1996 
30% of Q 0.75 - 4.01 0.32 - 0.65 71.73 -19.43 Sharp 2000  
4.01 -5.53 0.65 - 0.84 19.42 - 17.93 Sharp 2501  
5.53 - 7.50 0.84 - 1.19 17.93 - 18.91 Sharp 2503  
7.50 - 34.21 1.19 - 15.32 18.89 - 105.92 Sharp 1996 
50% of Q 0.99 - 4.46 0.55 - 1.11 175.56 - 169.69 Sharp 2000  
4.46 - 6.13 1.11 - 1.45 169.70 - 172.36 Sharp 2501  
6.14 - 8.33 1.45 - 2.03 172.50 - 170.00 Sharp 2503  
8.33 - 37.60 2.02 - 18.71 169.70 -138.01 Sharp 1996 
105% of Q 1.76 - 5.77 1.32 - 2.41 300 - 71.98 Sharp 2000  
5.77 - 7.83 2.42 - 3.14 71.98 - 67.09 Sharp 2501  
7.83 - 10.49 3.14 - 4.18 67.09 - 66.34 Sharp 2503  
10.49 - 37.12 4.18 - 18.71 66.25 - 146.99 Sharp 1996 
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Figure A1 Scour depth for sharp pier bridges with foundation depth of 1.0m on narrow 
channels 
Table A2 Relative scour for sharp pier ridges of 1.0m foundation depth on narrow 
channels  
Scour depth for 1.0m foundation depth, rectangular piers 
Discharge Relative scour Diff from Q % diff from Q Pier type Count 
Q 0.85 - 4.68 
  
Rectangular 2018 
 
4.69 - 6.61   
 
Rectangular 2633 
 
6.61 -8.45 
  
Rectangular 2362 
 
8.45 - 21.84 
  
Rectangular 1987 
30% of Q 1.20 - 5.43 0.36 - 0.75 41.85 - 15.96 Rectangular 2018 
 
5.43 - 7.55 0.75 - 0.95 15.97 - 14.31 Rectangular 2633 
 
7.55 - 9.69 0.95 - 1.24 14.31 - 14.68 Rectangular 2362 
 
9.70 - 37.04 1.24 - 15.20 14.68 - 69.61 Rectangular 1987 
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C
o
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Scour depths for sharp piers of bridges with df = 1.0m on narrow 
channels
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50% of Q 1.44 - 5.94 0.59 - 1.25  69.85 - 26.74 Rectangular 2018 
 
5.94 - 8.20 1.25 - 1.59 26.74 - 24.09 Rectangular 2633 
 
8.20 - 10.54 1.59 - 2.08  24.09 - 24.66 Rectangular 2362 
 
10.54 - 40.54 2.08 - 18.71 24.66 - 106.46 Rectangular 1987 
105% of Q 2.21 - 7.37 1.36 - 2.69 159.88 - 57.42 Rectangular 2018 
 
7.38 - 9.95 2.69 - 3.34 57.42 - 50.49 Rectangular 2633 
 
9.95 - 12.70 3.34 - 4.25 50.49 - 50.27 Rectangular 2362 
 
12.70 - 39.70 4.25 - 17.87 50.28 - 121.51 Rectangular 1987 
 
 
Figure A2  Scour depth for sharp pier bridges with foundation depth of 1.0m on narrow 
channel      
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                                           APPENDIX B 
Appendix C1 Field measured scour  
S/
n
o 
Sit
e 
ID 
Slo
pe 
chann
el 
width 
Bed 
load 
transpor
t 
Bed 
material 
cohesion 
Pier 
shap
e 
Pier 
width
(m) 
Pier 
length 
(m) 
 Pier 
skew(d
eg.) 
Flow 
velocity 
(m/s) 
Flow 
depth 
(m) 
D50 
(mm
) 
Field 
observed 
scour(m) 
Accur
acy 
(m) 
BD9712 
Local 
scour (m) 
Scou
r 
ratio 
Err
or 
abs(
Erro
r) 
1 3 0.0
001
9 
Medi
um 
Clear-
water 
Cohesive Squa
re 
0.405
65 
8.0215 18 0.9577 7.3505 0.64 0 0.152
5 
2.6 0 -
2.6 
2.6 
2 3 0.0
001
9 
Medi
um 
Clear-
water 
Cohesive Squa
re 
0.405
65 
8.0215 16 1.2688 6.405 0.64 0 0.152
5 
2.6 0 -
2.6 
2.6 
3 3 .00
014
5 
Unkn
own 
Clear-
water 
Cohesive Cyli
ndri
cal 
0 
 
0 0 0 
 
0 0 0 0 0 0 
4 3 .00
014
5 
Small Clear-
water 
Cohesive Cyli
ndri
cal 
0 
 
0 0 0 
 
0 0 0 0 0 0 
5 3 .00
014
5 
Small Clear-
water 
Cohesive Cyli
ndri
cal 
0.61 
 
0 0 0 
 
0 0 0 0 0 0 
6 3 .00
014
5 
Small Clear-
water 
Cohesive Cyli
ndri
cal 
0 
 
0 0 0 
 
0 0 0 0 0 0 
7 10 0.0
007
5 
Wide Clear-
water 
Non-
cohesive 
Rou
nd 
1.525 
 
0 1.647 2.5925 27 0 0.152
5 
0 0 0 0 
8 10 0.0
007
5 
Wide Clear-
water 
Non-
cohesive 
Rou
nd 
1.525 
 
0 1.9825 3.599 27 0 0.152
5 
0 0 0 0 
Bridge Scour - Climate Change Effects and Modelling Uncertainties. 
 
  
FRIDAY THOMAS EKUJE  2018 347 
 
9 13 0.0
007
5 
Wide Clear-
water 
Non-
cohesive 
Rou
nd 
1.525 
 
0 2.135 3.7515 27 0 0.152
5 
0 0 0 0 
1
0 
61 0.0
013
2 
Medi
um 
Unkno
wn 
Non-
cohesive 
Squa
re 
0.289
75 
7.32 15 0.732 0.1525 0.67 0 0.152
5 
1.93 0 -
1.9
3 
1.93 
1
1 
61 0.0
013
2 
Medi
um 
Unkno
wn 
Non-
cohesive 
Squa
re 
0.289
75 
7.32 20 0.8235 0.3355 0.94 0 0.152
5 
2.27 0 -
2.2
7 
2.27 
1
2 
67 0.0
007
5 
Wide Unkno
wn 
Non-
cohesive 
Rou
nd 
1.525   0 1.0065 2.379 27 0 0 0 0 0 0 
1
3 
69 0.0
007
5 
Wide Unkno
wn 
Non-
cohesive 
Rou
nd 
1.525 
 
0 0.7625 2.0435 27 0 0.152
5 
0 0 0 0 
1
4 
47 0.0
007
5 
Wide Unkno
wn 
Non-
cohesive 
Rou
nd 
1.525 
 
0 1.525 3.416 27 0 0.152
5 
0 0 0 0 
1
5 
71 0.0
007
5 
Wide Unkno
wn 
Non-
cohesive 
Rou
nd 
1.525 
 
0 0.488 1.7385 27 0 0.152
5 
0 0 0 0 
1
6 
61 0.0
003 
Medi
um 
Live-
bed 
Cohesive Squa
re 
0.457
5 
14.03 0 2.44 12.505 0.39
3 
7.503 0.915 0.68 0.09
063 
6.8
23 
6.82
3 
1
7 
28 0.0
001 
Wide Live-
bed 
Non-
cohesive 
Shar
p 
4.27 16.47 0 2.8975 9.7905 0.3 7.6555 0.305 4.6 0.60
0875 
3.0
55
5 
3.05
55 
1
8 
20 0.0
005 
Medi
um 
Live-
bed 
Non-
cohesive 
Rou
nd 
1.22 6.405 0 1.647 2.2875 1.19 1.3115 0.305 0.79 0.60
2364 
0.5
21
5 
0.52
15 
1
9 
30 0.0
001 
Wide Live-
bed 
Non-
cohesive 
Squa
re 
2.928 8.9975 0 1.952 15.372 0.7 3.7515 0.61 2.26 0.60
2426 
1.4
91
5 
1.49
15 
2
0 
30 0.0
001 
Wide Live-
bed 
Non-
cohesive 
Squa
re 
2.836
5 
8.9975 0 1.9215 14.335 0.7 4.27 0.61 2.61 0.61
1241 
1.6
6 
1.66 
2
1 
30 0.0
001 
Wide Live-
bed 
Non-
cohesive 
Squa
re 
2.836
5 
8.9975 0 1.0675 11.041 0.7 4.27 0.61 2.71 0.63
466 
1.5
6 
1.56 
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2
2 
2 0.0
004 
wide  Clear-
water 
Non-
cohesive 
Shar
p 
1.525 6.1 0 2.8975 5.3375 70 1.525 0.305 0.99 0.64
918 
0.5
35 
0.53
5 
2
3 
57 nil Unkn
own 
Live-
bed 
Unknown Shar
p 
2.135 
 
0 2.8975 10.766
5 
0.18 4.453 0.152
5 
2.97 0.66
6966 
1.4
83 
1.48
3 
2
4 
30 0.0
001 
Wide Live-
bed 
Unknown Squa
re 
2.836
5 
8.9975 0 2.013 15.067 0.7 3.843 0.61 2.6 0.67
6555 
1.2
43 
1.24
3 
2
5 
28 0.0
001 
Wide Live-
bed 
Non-
cohesive 
Shar
p 
4.27 16.47 0 3.172 11.956 0.3 6.9845 0.61 4.74 0.67
8646 
2.2
44
5 
2.24
45 
2
6 
30 0.0
001 
Wide Live-
bed 
Non-
cohesive 
Squa
re 
2.928 8.9975 0 1.0675 13.267
5 
0.7 3.965 0.915 2.71 0.68
348 
1.2
55 
1.25
5 
2
7 
34 0.0
001 
Wide Live-
bed 
Non-
cohesive 
Squa
re 
2.928 8.9975 0 2.257 14.64 0.7 3.965 0.61 2.72 0.68
6003 
1.2
45 
1.24
5 
2
8 
34 0.0
001 
Wide Live-
bed 
Non-
cohesive 
Squa
re 
2.836
5 
8.9975 0 1.22 12.901
5 
0.7 3.8125 0.61 2.65 0.69
5082 
1.1
62
5 
1.16
25 
2
9 
61 0.0
009
3 
wide  Unkno
wn 
Non-
cohesive 
Shar
p 
0.533
75 
7.0912
5 
0 0.5795 0.5795 1.8 0.7015 0.152
5 
0.49 0.69
8503 
0.2
11
5 
0.21
15 
3
0 
61 nil Medi
um 
Unkno
wn 
Unknown Cyli
ndri
cal 
0.762
5 
13.115 0 0.34465 7.991 0.18 1.586 0.305 1.12 0.70
6179 
0.4
66 
0.46
6 
3
1 
1 0.0
063 
Medi
um 
Clear-
water 
Non-
cohesive 
Shar
p 
1.037 11.986
5 
3 3.233 1.6775 95 1.6775 0.152
5 
1.19 0.70
9389 
0.4
87
5 
0.48
75 
3
2 
30 0.0
001 
Wide Live-
bed 
Non-
cohesive 
Squa
re 
2.836
5 
8.9975 0 
 
12.657
5 
0.7 3.66 0.915 2.66 0.72
6776 
1 1 
3
3 
5 0.0
063 
Medi
um 
Clear-
water 
Non-
cohesive 
Shar
p 
1.037 11.986
5 
3 2.135 1.1285 95 1.403 0.152
5 
1.03 0.73
4141 
0.3
73 
0.37
3 
3
4 
30 0.0
001 
Wide Live-
bed 
Non-
cohesive 
Squa
re 
2.928 8.9975 0 1.3725 12.901
5 
0.7 3.66 0.61 2.72 0.74
3169 
0.9
4 
0.94 
3
5 
30 0.0
001 
Wide Live-
bed 
Non-
cohesive 
Squa
re 
2.928 8.9975 0 1.22 11.041 0.7 3.66 0.61 2.77 0.75
6831 
0.8
9 
0.89 
3
6 
64 nil Small Unkno
wn 
Non-
cohesive 
Squa
re 
1.22 10.675 0 0.7625 3.0805 0.38 1.647 0.305 1.27 0.77
1099 
0.3
77 
0.37
7 
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3
7 
1 0.0
063 
Medi
um 
Clear-
water 
Non-
cohesive 
Shar
p 
1.037 11.986
5 
3 2.135 1.159 95 1.3725 0.152
5 
1.06 0.77
2313 
0.3
12
5 
0.31
25 
3
8 
66 0.0
046 
Medi
um 
Unkno
wn 
Non-
cohesive 
Shar
p 
1.22 39.65 5 1.83 1.525 35 2.745 0.457
5 
2.13 0.77
5956 
0.6
15 
0.61
5 
3
9 
13 0.0
004 
Medi
um 
Clear-
water 
Non-
cohesive 
Rou
nd 
0.915 12.2 30 2.074 3.1415 32 1.586 0.061 1.29 0.81
3367 
0.2
96 
0.29
6 
4
0 
28 0.0
001 
Wide Live-
bed 
Non-
cohesive 
Shar
p 
4.27 16.47 0 2.8975 9.7905 0.3 5.6425 0.305 4.6 0.81
5241 
1.0
42
5 
1.04
25 
4
1 
61 nil Medi
um 
Unkno
wn 
Unknown Cyli
ndri
cal 
0.762
5 
13.115 0 0.47275 7.7775 0.18 1.3725 0.305 1.14 0.83
0601 
0.2
32
5 
0.23
25 
4
2 
61 nil Medi
um 
Unkno
wn 
Unknown Cyli
ndri
cal 
0.762
5 
13.115 0 0.4819 7.7775 0.18 1.3725 0.305 1.14 0.83
0601 
0.2
32
5 
0.23
25 
4
3 
29 0.0
003
25 
Medi
um 
Live-
bed 
Unknown Rou
nd 
2.205
15 
7.5487
5 
0 2.0862 5.551 0.32 3.904 0.152
5 
3.31 0.84
7848 
0.5
94 
0.59
4 
4
4 
49 0.0
001
6 
Medi
um 
Unkno
wn 
Unknown Rou
nd 
0.915 10.675 0 0.8662 6.4965 0.7 1.5555 0.305 1.37 0.88
0746 
0.1
85
5 
0.18
55 
4
5 
66 0.0
046 
Medi
um 
Unkno
wn 
Non-
cohesive 
Shar
p 
1.22 39.65 5 2.074 1.0675 35 2.44 0.457
5 
2.15 0.88
1148 
0.2
9 
0.29 
4
6 
61 0.0
009
3 
wide  Unkno
wn 
Non-
cohesive 
Shar
p 
0.533
75 
7.0912
5 
0 0.5795 0.5795 1.8 0.549 0.152
5 
0.49 0.89
2532 
0.0
59 
0.05
9 
4
7 
49 0.0
001
6 
Medi
um 
Unkno
wn 
Unknown Rou
nd 
0.915 10.675 0 1.3908 8.7535 0.7 1.525 0.305 1.37 0.89
8361 
0.1
55 
0.15
5 
4
8 
28 0.0
001 
Wide Live-
bed 
Non-
cohesive 
Shar
p 
4.27 16.47 0 3.172 12.627 0.3 5.185 0.61 4.7 0.90
6461 
0.4
85 
0.48
5 
4
9 
36 0.0
039 
Medi
um 
Live-
bed 
Non-
cohesive 
Shar
p 
1.037 10.98 0 1.647 0.4575 8 1.0675 0.091
5 
0.97 0.90
8665 
0.0
97
5 
0.09
75 
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5
0 
64 nil Small Unkno
wn 
Unknown Squa
re 
1.22 10.675 0 0.7625 2.2265 0.38 1.3115 0.305 1.21 0.92
2608 
0.1
01
5 
0.10
15 
5
1 
34 nil Wide Live-
bed 
Non-
cohesive 
Shar
p 
5.459
5 
20.74 0 2.623 20.038
5 
0.96 4.1175 0.61 3.81 0.92
5319 
0.3
07
5 
0.30
75 
5
2 
42 nil Medi
um 
Unkno
wn 
Unknown Cyli
ndri
cal 
0.762
5 
13.115 0 0.4941 7.564 0.18 1.22 0.305 1.14 0.93
4426 
0.0
8 
0.08 
5
3 
42 nil Medi
um 
Unkno
wn 
Unknown Cyli
ndri
cal 
0.762
5 
13.115 0 0.50935 7.625 0.18 1.22 0.305 1.14 0.93
4426 
0.0
8 
0.08 
5
4 
36 0.0
039 
Medi
um 
Live-
bed 
Non-
cohesive 
Shar
p 
1.037 10.98 0 1.4335 0.305 8 1.037 0.091
5 
0.97 0.93
5391 
0.0
67 
0.06
7 
5
5 
30 0.0
003
25 
Medi
um 
Live-
bed 
Non-
Cohesive 
Rou
nd 
2.921
9 
7.5487
5 
0 2.196 4.697 0.32 4.6665 0.152
5 
4.38 0.93
8605 
0.2
86
5 
0.28
65 
5
6 
3 0.0
004 
wide  Clear-
water 
Non-
cohesive 
Shar
p 
1.525 6.1 0 1.525 4.1175 70 1.525 0.152
5 
1.46 0.95
7377 
0.0
65 
0.06
5 
5
7 
52 0.0
011 
Small Unkno
wn 
Non-
cohesive 
Rou
nd 
0.976 25.315 0 1.6653 8.3875 0.28 1.525 0.305 1.46 0.95
7377 
0.0
65 
0.06
5 
5
8 
16 0.0
006
9 
wide  Live-
bed 
Non-
cohesive 
Shar
p 
1.83 8.845 0 3.66 5.49 5 1.0675 0.152
5 
1.03 0.96
4871 
0.0
37
5 
0.03
75 
5
9 
15 nil Medi
um 
Live-
bed 
Non-
cohesive 
Rou
nd 
0.976 Nil 0 1.6165 1.525 7.6 0.7625 0.152
5 
0.76 0.99
6721 
0.0
02
5 
0.00
25 
6
0 
49 0.0
001
6 
Medi
um 
Unkno
wn 
Unknown Rou
nd 
0.915 10.675 0 0.91805 6.71 0.7 1.3725 0.305 1.3725 1 0 0 
6
1 
49 0.0
001
6 
Medi
um 
Unkno
wn 
Unknown Rou
nd 
0.915 10.675 0 0.9699 4.941 0.7 1.3725 0.305 1.3725 1 0 0 
6
2 
58 436
.5 
wide  Live-
bed 
Non-
cohesive 
Squa
re 
1.22 9.9125 0 0.5185 5.5205 1 2.013 0.076
25 
2.014 1.00
0497 
-
0.0
01 
0.00
1 
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6
3 
17 nil Unkn
own 
Live-
bed 
Unknown Rou
nd 
2.135 9.455 8 3.904 13.054 0.11
9 
3.416 0.152
5 
3.44 1.00
7026 
-
0.0
24 
0.02
4 
6
4 
80 504 wide  Live-
bed 
Non-
cohesive 
Squa
re 
1.22 9.9125 0 0.5795 5.7035 1 2.135 0.076
25 
2.17 1.01
6393 
-
0.0
35 
0.03
5 
6
5 
26 0.0
001 
Wide Live-
bed 
Non-
cohesive 
Rou
nd 
4.27 12.2 0 2.8975 9.638 0.3 5.6425 0.61 5.74 1.01
728 
-
0.0
97
5 
0.09
75 
6
6 
29 0.0
003
25 
Medi
um 
Live-
bed 
Unknown Rou
nd 
4.373
7 
7.5487
5 
0 2.44 5.2155 0.32 6.4355 0.152
5 
6.56 1.01
9346 
-
0.1
24
5 
0.12
45 
6
7 
18 nil Unkn
own 
Live-
bed 
Unknown Rou
nd 
2.989 11.742
5 
0 1.891 11.742
5 
0.32 4.392 0.152
5 
4.48 1.02
0036 
-
0.0
88 
0.08
8 
6
8 
17 0.0
001
5 
Unkn
own 
Live-
bed 
Non-
cohesive 
Shar
p 
3.05 14.64 0 2.5925 6.71 15 1.83 0.152
5 
1.88 1.02
7322 
-
0.0
5 
0.05 
6
9 
30 0.0
003
25 
Medi
um 
Live-
bed 
Unknown Rou
nd 
4.074
8 
7.5487
5 
0 2.14415 5.49 0.32 5.856 0.152
5 
6.11 1.04
3374 
-
0.2
54 
0.25
4 
7
0 
75 0.0
003
78 
wide Live-
bed 
Non-
cohesive 
Squa
re 
4.117
5 
11.59 4 2.0008 22.387 0.6 6.222 0.61 6.52 1.04
7895 
-
0.2
98 
0.29
8 
7
1 
49 0.0
001
6 
Medi
um 
Unkno
wn 
Unknown Rou
nd 
0.915 10.675 0 0.9394 6.6185 0.7 1.281 0.305 1.37 1.06
9477 
-
0.0
89 
0.08
9 
7
2 
26 0.0
001 
Wide Live-
bed 
Non-
cohesive 
Rou
nd 
4.27 12.2 0 3.172 11.193
5 
0.3 5.5205 0.305 5.96 1.07
9612 
-
0.4
39
5 
0.43
95 
7
3 
80 0.0
003
78 
wide Live-
bed 
Non-
cohesive 
Squa
re 
4.697 11.59 4 1.83915 16.714 0.6 6.527 0.61 7.11 1.08
9321 
-
0.5
83 
0.58
3 
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7
4 
12 0.0
008
4 
Medi
um 
Clear-
water 
Non-
cohesive 
Rou
nd 
0.762
5 
7.4115 0 1.464 2.318 35 0.8235 0.305 0.915 1.11
1111 
-
0.0
91
5 
0.09
15 
7
5 
57 nil Unkn
own 
Live-
bed 
Unknown Shar
p 
1.982
5 
  0 0.732 8.1435 0.18 2.6535 0.152
5 
2.97 1.11
9276 
-
0.3
16
5 
0.31
65 
7
6 
49 0.0
001
6 
Medi
um 
Unkno
wn 
Unknown Rou
nd 
0.915 10.675 0 1.0187 7.503 0.7 1.22 0.305 1.37 1.12
2951 
-
0.1
5 
0.15 
7
7 
54 0.0
002
5 
Medi
um 
Unkno
wn 
Unknown Rou
nd 
0.686
25 
8.54 0 0.3233 0.8845 0.69 0.732 0.305 0.83 1.13
388 
-
0.0
98 
0.09
8 
7
8 
36 0.0
039 
Medi
um 
Live-
bed 
Non-
cohesive 
Shar
p 
1.037 10.98 0 1.647 0.3965 8 0.976 0.091
5 
1.11 1.13
7295 
-
0.1
34 
0.13
4 
7
9 
26 0.0
001 
Wide Live-
bed 
Non-
cohesive 
Rou
nd 
4.27 12.2 0 3.172 11.681
5 
0.3 5.1545 0.305 5.92 1.14
8511 
-
0.7
65
5 
0.76
55 
8
0 
30 0.0
003
25 
Medi
um 
Live-
bed 
Non-
Cohesive 
Rou
nd 
4.050
4 
7.5487
5 
0 1.62565 5.8255 0.32 5.2155 0.152
5 
6.11 1.17
1508 
-
0.8
94
5 
0.89
45 
8
1 
12 0.0
013
6 
Small Clear-
water 
Non-
cohesive 
Rou
nd 
1.616
5 
11.285 0 1.22 1.6165 25 1.4335 0.152
5 
1.71 1.19
2885 
-
0.2
76
5 
0.27
65 
8
2 
10 0.0
022 
Medi
um 
Clear-
water 
Non-
cohesive 
Shar
p 
0.945
5 
10.37 0 2.44 2.6535 73 0.7625 0.152
5 
0.91 1.19
3443 
-
0.1
47
5 
0.14
75 
8
3 
52 0.0
011 
Small Unkno
wn 
Non-
cohesive 
Rou
nd 
0.976 25.315 0 1.8788 7.93 0.28 1.22 0.305 1.46 1.19
6721 
-
0.2
4 
0.24 
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8
4 
67 0.0
046 
Medi
um 
Unkno
wn 
Non-
cohesive 
Shar
p 
1.22 39.65 5 0 0 35 2.745 0.457
5 
3.29 1.19
8543 
-
0.5
45 
0.54
5 
8
5 
53 0.0
029 
Medi
um 
Unkno
wn 
Non-
cohesive 
Rou
nd 
0.61 12.505 0 2.5925 2.623 72 0.7625 0.305 0.92 1.20
6557 
-
0.1
57
5 
0.15
75 
8
6 
54 0.0
002
5 
Medi
um 
Unkno
wn 
Unknown Rou
nd 
0.686
25 
8.54 0 0.1891 0.976 0.69 0.549 0.305 0.68 1.23
8616 
-
0.1
31 
0.13
1 
8
7 
36 0.0
001
9 
wide Live-
bed 
Non-
cohesive 
Cyli
ndri
cal 
1.647 6.405 14 2.18685 8.3265 6.9 3.0195 0.152
5 
3.76 1.24
5239 
-
0.7
40
5 
0.74
05 
8
8 
49 0.0
001
6 
Medi
um 
Unkno
wn 
Unknown Rou
nd 
0.915 10.675 0 0.30805 5.002 0.7 0.915 0.305 1.14 1.24
5902 
-
0.2
25 
0.22
5 
8
9 
49 0.0
001
6 
Medi
um 
Unkno
wn 
Unknown Rou
nd 
0.915 10.675 0 0.9943 7.564 0.7 1.098 0.305 1.37 1.24
7723 
-
0.2
72 
0.27
2 
9
0 
15 0.0
006
9 
wide  Live-
bed 
Non-
cohesive 
Rou
nd 
1.525 11.254
5 
0 1.83 3.05 1.8 1.83 0.152
5 
2.29 1.25
1366 
-
0.4
6 
0.46 
9
1 
61 nil Medi
um 
Unkno
wn 
Unknown Cyli
ndri
cal 
0.762
5 
13.115 0 0.2684 3.172 0.18 0.732 0.305 0.93 1.27
0492 
-
0.1
98 
0.19
8 
9
2 
26 0.0
001 
Wide Live-
bed 
Non-
cohesive 
Shar
p 
4.27 16.47 0 2.562 11.59 0.3 3.721 0.61 4.77 1.28
1913 
-
1.0
49 
1.04
9 
9
3 
49 0.0
001
6 
Medi
um 
Unkno
wn 
Unknown Rou
nd 
0.915 10.675 0 1.00955 6.954 0.7 1.0675 0.305 1.37 1.28
3372 
-
0.3
02
5 
0.30
25 
9
4 
49 0.0
001
6 
Medi
um 
Unkno
wn 
Unknown Rou
nd 
0.915 10.675 0 0.9821 7.442 0.7 1.0675 0.305 1.37 1.28
3372 
-
0.3
02
5 
0.30
25 
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9
5 
62 0.0
015
7 
Medi
um 
Unkno
wn 
Unknown Rou
nd 
1.22 9.76 0 1.1346 2.44 22 0.732 0.305 0.94 1.28
4153 
-
0.2
08 
0.20
8 
9
6 
45 nil Small Unkno
wn 
Non-
cohesive 
Squa
re 
1.22 10.675 0 0.671 1.891 0.38 1.22 0.305 1.58 1.29
5082 
-
0.3
6 
0.36 
9
7 
26 0.0
001 
Wide Live-
bed 
Non-
cohesive 
Rou
nd 
4.27 12.2 0 2.989 11.742
5 
0.3 4.758 0.61 6.18 1.29
8865 
-
1.4
22 
1.42
2 
9
8 
9 0.0
022 
Medi
um 
Clear-
water 
Non-
cohesive 
Shar
p 
0.945
5 
10.37 0 2.501 2.5315 73 0.7015 0.152
5 
0.92 1.31
1475 
-
0.2
18
5 
0.21
85 
9
9 
12 0.0
013
6 
Small Clear-
water 
Non-
cohesive 
Rou
nd 
1.647 11.285 0 0.976 0.915 19 1.22 0.152
5 
1.62 1.32
7869 
-
0.4 
0.4 
1
0
0 
75 0.0
003
78 
wide Live-
bed 
Non-
cohesive 
Squa
re 
3.965 11.59 11 2.43085 22.539
5 
0.6 7.1065 0.61 9.45 1.32
9769 
-
2.3
43
5 
2.34
35 
1
0
1 
28 0.0
001 
Wide Live-
bed 
Non-
cohesive 
Shar
p 
4.27 16.47 0 2.1045 9.4245 0.3 3.477 0.305 4.63 1.33
1608 
-
1.1
53 
1.15
3 
1
0
2 
49 0.0
001
6 
Medi
um 
Unkno
wn 
Unknown Rou
nd 
0.915 10.675 0 0.3294 7.137 0.7 0.915 0.305 1.22 1.33
3333 
-
0.3
05 
0.30
5 
1
0
3 
49 0.0
001
6 
Medi
um 
Unkno
wn 
Unknown Rou
nd 
0.915 10.675 0 0.3965 5.3375 0.7 0.915 0.305 1.22 1.33
3333 
-
0.3
05 
0.30
5 
1
0
4 
71 0.0
007
5 
Wide Unkno
wn 
Non-
cohesive 
Rou
nd 
1.525 
 
0 4.087 8.3265 27 1.5555 0.152
5 
2.09 1.34
3619 
-
0.5
34
5 
0.53
45 
1
0
5 
8 0.0
022 
Medi
um 
Clear-
water 
NON-
COH 
Shar
p 
0.945
5 
10.37 0 1.4945 2.013 73 0.5795 0.152
5 
0.78 1.34
5988 
-
0.2
00
5 
0.20
05 
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1
0
6 
26 0.0
001 
Wide Live-
bed 
Non-
cohesive 
Rou
nd 
4.27 12.2 0 2.989 12.047
5 
0.3 4.5445 0.305 6.14 1.35
1084 
-
1.5
95
5 
1.59
55 
1
0
7 
58 681
.94 
wide  Live-
bed 
Non-
cohesive 
Squa
re 
1.22 10.827
5 
0 0.7015 6.3745 1 1.4335 0.076
25 
1.95 1.36
0307 
-
0.5
16
5 
0.51
65 
1
0
8 
52 0.0
011 
Small Unkno
wn 
Non-
cohesive 
Rou
nd 
0.976 25.315 0 2.16855 9.3025 0.28 1.0675 0.305 1.46 1.36
7681 
-
0.3
92
5 
0.39
25 
1
0
9 
52 0.0
011 
Small Unkno
wn 
Non-
cohesive 
Rou
nd 
0.976 25.315 0 1.5982 6.2525 0.28 1.0675 0.305 1.46 1.36
7681 
-
0.3
92
5 
0.39
25 
1
1
0 
19 nil Unkn
own 
Live-
bed 
Unknown Rou
nd 
2.989 11.742
5 
0 1.464 9.1195 0.32 3.2635 0.152
5 
4.48 1.37
2759 
-
1.2
16
5 
1.21
65 
1
1
1 
42 nil Medi
um 
Unkno
wn 
Unknown Squa
re 
0.381
25 
13.115 0 0.40565 4.7885 0.4 0.305 0.305 0.42 1.37
7049 
-
0.1
15 
0.11
5 
1
1
2 
26 0.0
001 
Wide Live-
bed 
Non-
cohesive 
Rou
nd 
4.27 12.2 0 2.1045 9.272 0.3 4.1785 0.305 5.78 1.38
3272 
-
1.6
01
5 
1.60
15 
1
1
3 
27 0.0
002
22 
Wide Live-
bed 
Non-
cohesive 
Squa
re 
5.276
5 
9.76 0 1.5738 11.773 0.48 4.575 0.152
5 
6.36 1.39
0164 
-
1.7
85 
1.78
5 
1
1
4 
49 0.0
001
6 
Medi
um 
Unkno
wn 
Unknown Rou
nd 
0.915 10.675 0 0.52765 6.466 0.7 0.976 0.305 1.37 1.40
3689 
-
0.3
94 
0.39
4 
1
1
5 
26 0.0
001 
Wide Live-
bed 
Non-
cohesive 
Rou
nd 
4.27 12.2 0 2.501 11.681
5 
0.3 4.392 0.305 6.17 1.40
4827 
-
1.7
78 
1.77
8 
Bridge Scour - Climate Change Effects and Modelling Uncertainties. 
 
  
FRIDAY THOMAS EKUJE  2018 356 
 
1
1
6 
51 0.0
011 
Small Unkno
wn 
Unknown Rou
nd 
0.762
5 
13.115 0 0.6405 2.7145 0.92 0.7625 0.305 1.08 1.41
6393 
-
0.3
17
5 
0.31
75 
1
1
7 
15 0.0
006
9 
wide  Live-
bed 
Non-
cohesive 
Rou
nd 
1.525 11.254
5 
0 0.1525 0.61 0.58 1.22 0.152
5 
1.75 1.43
4426 
-
0.5
3 
0.53 
1
1
8 
55 0.0
001
2 
Medi
um 
Unkno
wn 
Non-
cohesive 
Rou
nd 
0.61 9.15 0 1.68055 3.2025 55 0.6405 0.305 0.92 1.43
6378 
-
0.2
79
5 
0.27
95 
1
1
9 
65 0.0
05 
Medi
um 
Unkno
wn 
Unknown Shar
p 
1.525 12.718
5 
0 2.62910
1 
3.0195 108 0.8235 0.305 1.19 1.44
5052 
-
0.3
66
5 
0.36
65 
1
2
0 
58 756
.4 
wide  Live-
bed 
Non-
cohesive 
Squa
re 
1.83 10.827
5 
0 0.65575 7.564 1 1.464 0.076
25 
2.16 1.47
541 
-
0.6
96 
0.69
6 
1
2
1 
12 0.0
014
4 
Small Clear-
water 
Non-
cohesive 
Rou
nd 
0.762
5 
11.376
5 
0 0.7625 1.647 4 0.7625 0.152
5 
1.14 1.49
5082 
-
0.3
77
5 
0.37
75 
1
2
2 
49 0.0
001
6 
Medi
um 
Unkno
wn 
Unknown Rou
nd 
0.915 10.675 0 0.57035 8.0215 0.7 0.915 0.305 1.37 1.49
7268 
-
0.4
55 
0.45
5 
1
2
3 
26 0.0
001 
Wide Live-
bed 
Non-
cohesive 
Rou
nd 
4.27 12.2 0 2.1045 9.333 0.3 3.843 0.305 5.77 1.50
1431 
-
1.9
27 
1.92
7 
1
2
4 
44 nil Medi
um 
Unkno
wn 
Unknown Squa
re 
0.381
25 
13.115 0 0.4331 4.7275 0.4 0.305 0.305 0.46 1.50
8197 
-
0.1
55 
0.15
5 
1
2
5 
57 nil Unkn
own 
Live-
bed 
Unknown Rou
nd 
2.135 9.455 11 2.6535 12.322 0.11
9 
2.318 0.152
5 
3.53 1.52
2865 
-
1.2
12 
1.21
2 
1
2
6 
26 0.0
001 
Wide Live-
bed 
Non-
cohesive 
Rou
nd 
4.27 12.2 0 2.8975 9.699 0.3 3.7515 0.305 5.72 1.52
4723 
-
1.9
68
5 
1.96
85 
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1
2
7 
26 0.0
001 
Wide Live-
bed 
Non-
cohesive 
Rou
nd 
4.27 12.2 0 2.501 11.742
5 
0.3 3.9345 0.61 6.18 1.57
0721 
-
2.2
45
5 
2.24
55 
1
2
8 
7 0.0
07 
Medi
um 
Clear-
water 
Non-
cohesive 
Shar
p 
1.311
5 
15.25 5 1.525 1.403 39 0.976 0.091
5 
1.54 1.57
7869 
-
0.5
64 
0.56
4 
1
2
9 
54 0.0
002
5 
Medi
um 
Unkno
wn 
Unknown Rou
nd 
0.686
25 
8.54 0 0.24095 0.8845 0.69 0.488 0.305 0.77 1.57
7869 
-
0.2
82 
0.28
2 
1
3
0 
27 0.0
002
22 
Wide Live-
bed 
Non-
cohesive 
Squa
re 
5.398
5 
9.76 0 1.41215 9.5465 0.48 4.209 0.152
5 
6.66 1.58
2324 
-
2.4
51 
2.45
1 
1
3
1 
64 nil Small Unkno
wn 
Unknown Squa
re 
1.22 10.675 0 0.305 1.464 0.38 0.671 0.305 1.07 1.59
4635 
-
0.3
99 
0.39
9 
1
3
2 
3 0.0
004 
wide  Clear-
water 
Non-
cohesive 
Shar
p 
1.525 6.1 0 2.8975 6.5575 70 0.61 0.305 0.98 1.60
6557 
-
0.3
7 
0.37 
1
3
3 
80 592
.4 
wide  Live-
bed 
Non-
cohesive 
Squa
re 
1.22 10.827
5 
0 0.549 7.076 1 1.22 0.076
25 
1.96 1.60
6557 
-
0.7
4 
0.74 
1
3
4 
12 0.0
013
6 
Small Clear-
water 
Non-
cohesive 
Rou
nd 
1.586 11.285 0 1.3725 1.9825 25 1.037 0.152
5 
1.67 1.61
0415 
-
0.6
33 
0.63
3 
1
3
5 
87 0.0
009
28 
Medi
um 
Live-
bed 
Non-
cohesive 
Cyli
ndri
cal 
2.44 2.44 0 2.257 2.6535 7.51 1.952 0.305 3.16 1.61
8852 
-
1.2
08 
1.20
8 
1
3
6 
3 0.0
004 
wide  Clear-
water 
Non-
cohesive 
Shar
p 
1.525 6.1 0 3.05 5.3375 70 0.61 0.152
5 
0.99 1.62
2951 
-
0.3
8 
0.38 
1
3
7 
3 0.0
004 
wide  Clear-
water 
Non-
cohesive 
Shar
p 
1.525 6.1 0 3.5075 5.185 70 0.61 0.305 0.99 1.62
2951 
-
0.3
8 
0.38 
1
3
8 
16 0.0
017
9 
Medi
um 
Clear-
water 
Unknown Rou
nd 
1.342 11.895 0 1.7385 2.684 51 1.0065 0.152
5 
1.64 1.62
9409 
-
0.6
33
5 
0.63
35 
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1
3
9 
16 0.0
006
9 
wide  Live-
bed 
Non-
cohesive 
Rou
nd 
1.525 11.254
5 
0 1.7995 3.05 1.8 1.3725 0.152
5 
2.24 1.63
2058 
-
0.8
67
5 
0.86
75 
1
4
0 
55 0.0
001
2 
Medi
um 
Unkno
wn 
Non-
cohesive 
Rou
nd 
0.61 9.15 0 1.1285 0.7625 55 0.4575 0.305 0.75 1.63
9344 
-
0.2
92
5 
0.29
25 
1
4
1 
45 nil Small Unkno
wn 
Unknown Squa
re 
1.22 10.675 0 0.427 2.1655 0.38 0.732 0.305 1.21 1.65
3005 
-
0.4
78 
0.47
8 
1
4
2 
69 0.0
007
5 
Wide Unkno
wn 
Non-
cohesive 
Rou
nd 
1.525 
 
0 3.416 9.7295 27 1.3115 0.305 2.18 1.66
2219 
-
0.8
68
5 
0.86
85 
1
4
3 
3 0.0
07 
Medi
um 
Clear-
water 
Non-
cohesive 
Shar
p 
1.311
5 
15.25 5 2.54675 2.623 39 1.1285 0.091
5 
1.89 1.67
479 
-
0.7
61
5 
0.76
15 
1
4
4 
4 0.0
022 
Medi
um 
Clear-
water 
Non-
cohesive 
Shar
p 
0.945
5 
10.37 0 2.44 2.379 73 0.549 0.091
5 
0.92 1.67
5774 
-
0.3
71 
0.37
1 
1
4
5 
55 0.0
001
2 
Medi
um 
Unkno
wn 
Non-
cohesive 
Rou
nd 
0.61 9.15 0 1.96725 3.2025 55 0.549 0.305 0.92 1.67
5774 
-
0.3
71 
0.37
1 
1
4
6 
42 nil Medi
um 
Unkno
wn 
Unknown Cyli
ndri
cal 
0.762
5 
13.115 0 0.183 1.464 0.18 0.4575 0.305 0.77 1.68
306 
-
0.3
12
5 
0.31
25 
1
4
7 
12 0.0
014
4 
Small Clear-
water 
Non-
cohesive 
Rou
nd 
0.762
5 
11.376
5 
0 1.281 3.172 4 0.671 0.152
5 
1.14 1.69
8957 
-
0.4
69 
0.46
9 
1
4
8 
22 0.0
009
3 
wide  Live-
bed 
Non-
cohesive 
Shar
p 
0.533
75 
7.0912
5 
20 1.403 1.3115 1.1 0.915 0.152
5 
1.56 1.70
4918 
-
0.6
45 
0.64
5 
1
4
9 
61 0.0
006
8 
small Live-
bed 
Non-
cohesive 
Rou
nd 
0.61 10.165
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